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Abstract 
In this paper, the hybridisation of multidirectional carbon fibre-reinforced composites as a means of improving the 
compressive performance is studied. The aim is to thoroughly investigate how hybridisation influences the 
laminate behaviour under different compression conditions and thus provide an explanation of the “hybrid effect”. 
The chosen approach was to compare the compressive performance of two monolithic carbon fibre/epoxy systems, 
CYTEC HTS/MTM44-1 and IMS/MTM44-1, with that of their respective hybrids. This was done by keeping the 
same layup throughout ((0/90/45/-45)2S) while replacing the angle plies in one case or the orthogonal plies in the 
other case with the second material, thus producing two hybrid systems. To investigate the compressive 
performance of these configurations, compact and plain compression test methods were employed which also 
allowed studying the sensitivity of compressive failure to specimen geometry and loading conditions. The 
experimental results and the subsequent fractographic analysis revealed that the hybridisation of selective ply 
interfaces influenced the location and severity of the failure mechanisms. Finally, in light of this knowledge, an 
update of the generic sequence of events, previously suggested by the authors, which lead to global fracture in 
multidirectional fibre-reinforced composites under compression is presented. 
Keywords: Carbon fibres(A); Fracture(B); Fractography(D);Electron Microscopy(D) 
1. Introduction 
The term hybrid applies to composites which contain more than one type of reinforcement and/or more than one 
type of matrix [1,2]. The main purpose of composite hybridization is often to improve specific properties or lower 
the overall manufacturing cost. In the case of fibre-reinforced composites, various fibres can be used in different 
plies or even within the same ply as co-woven, twisted or bound with a binder. In the case where the second filler 
is in the form of particles, these are usually mixed with the fibres within the lamina or even located between 
adjacent laminae. The incorporation of mainly carbon fibres with other types such as glass [3,4], aramid [5] and 
*Manuscript
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 2 
other polymeric fibres [6,7], has mainly served to enhance the toughness or impact resistance. In particular, 
hybridization enhances the failure strain [8,9] but on the other hand it leads to a decrease in stiffness, as has been 
reported by Chung [10]. Moreover, it has been observed that the failure strain of the carbon fibres in a hybrid 
composite is greater than that in a monolithic material, referred to throughout the literature as the hybrid effect 
[10]. However, so far no study has adequately explained the mechanism behind the “hybrid effect” and how failure 
processes are affected by hybridisation. With regards to compressive failure of hybrid fibre-reinforced composites, 
the literature is sparse [11-14], focussing on compressive failure of unidirectional and woven fabric laminates 
made by hybridising carbon fibres with glass and silicon carbide fibres (or woven fabrics). The novelty of the 
present work is not limited to the mere study of the compressive failure of the hybrid multidirectional composite 
laminates and a comparison with the monolithic laminates. On the contrary, this study aims to provide detailed 
fractographic observations on how the compression damage processes had ensued and the effect of the fibre 
hybridisation on these processes under two different loading conditions. The use of two different types of 
compression testing not only allowed to shed light on the difference in the failure sequence of progressive 
compression damage development (compact compression) and unstable failure process (plain compression) in 
monolithic multidirectional composite laminates, but also to highlight how fibre hybridisation influenced the 
dominant compression failure modes in light of experimental observations made previously by the authors [15]. In 
particular, the findings from the extensive fractographic analysis (X-Ray radiography, optical and scanning 
electron microscopy) on multidirectional laminates (made of UD HTS/MTM44-1 and IMS/MTM44-1 pre-preg 
tapes) are presented for the various configurations in both compact and plain compression and used to deduce the 
sequence of events that led to global fracture. It is beyond the scope of this paper to provide a predictive approach 
which has been the topic of a wealth of studies; on the contrary the high fidelity results and detailed fractographic 
observations on the key mechanisms can be used by other workers on the field to validate their numerical models. 
The study presented in this paper has been part of the CRASHCOMPS Project [16].  
2. Experimental Details 
2.1 Laminate Fabrication and Specimen Configurations 
The materials used were 12K HTS/MTM44-1 and 24K IMS/MTM44-1 unidirectional pre-pregs supplied by 
CYTEC [17]. The experimentally determined values for lamina thickness were 0.246 ± 0.011 mm and             
0.249 ± 0.012 mm whilst the fibre volume fraction values were 60.2 ± 0.7% and 59.5 ± 1.1% for HTS/MTM44-1 
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 3 
and IMS/MTM44-1 respectively [15]. With respect to the mechanical properties (Table 1), IMS/MTM44-1 is 
stronger and stiffer both in tension and compression but weaker and more compliant in shear [15].  
Four panels (430 mm x 300 mm) were manufactured according to the supplier’s recommendations [15], each 
having a (0/90/45/-45)2S layup.  This particular layup was used due to the superior failure strength it exhibits 
compared to other multidirectional layups as has been reported by the authors [15,18]. Each panel had a different 
material configuration namely monolithic HTS (HTS); hybrid HTS/IMS with 0° and 90° HTS plies and ±45° IMS 
plies (HTS_IMS_A); hybrid HTS/IMS with 0° and 90° IMS plies and ±45° HTS plies (HTS_IMS_O) and finally 
monolithic IMS (IMS). For simplicity, the notation which will be used henceforth for these four configurations is 
HTS, HTS_IMS_A, HTS_IMS_O and IMS respectively. Note that the HTS configuration was deemed as the 
baseline against which the remaining configurations were compared. To obtain the compact and plain compression 
specimens, rectangular sections were cut using a wet saw to dimensions 60 mm x 65 mm and 132 mm x50 mm 
respectively. For the compact compression specimens [19], holes for loading pins were drilled and a notch was 
introduced using a 4 mm wide diamond-coated circular saw, whilst for the plain compression specimens [20], a 6 
mm cutter was utilised for producing the notch (Figure 1). The surfaces were painted white and a fine black 
speckle pattern was then introduced on top using an airbrush to facilitate Digital Image Correlation (DIC) [15,18]. 
2.2 Experimental Setup and Characterisation 
For the compact compression testing a 10-ton servo-hydraulic Instron machine with a 10 kN loadcell was 
employed to apply compression load via the loading pins. Plain compression testing was carried out in a 50-ton 
Zwick 1488 machine with hydraulic grips with a 200 kN loadcell. An antibuckling guide was utilised to ensure 
uniform compressive load distribution and stability [15,20]. DIC was performed (Figure 1) on both compact and 
plain compression tests using a GOM Aramis (v6.2) and a pair of Schneider Kreuznach Componon S-1.4/100 mm 
DIC cameras illuminated by two Schneider Kreuznach LED lights (40 W). Five specimens were tested per 
configuration, each of which was loaded in displacement control at a rate of 1mm/min for compact compression 
and 2mm/min for plain compression; load-displacement data were recorded every second and DIC pictures were 
taken every three seconds ‒ to provide more accurate displacement data LVDTs were used instead of the those 
recorded by the Instron machine, while DIC was also used for verification. Finally, whilst compact compression 
tests were halted prior to catastrophic failure, this was not possible for plain compression due to the unstable nature 
of the test [15]. Instead these tests were stopped once a significant load drop, i.e. catastrophic failure, had occurred. 
It should be noted that other more traditional compression tests such as the ASTM D3410 and D6484 (mainly 
developed for unidirectional laminates) were also considered for this study. However, such tests employ highly 
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 4 
supported specimens which do not allow for progressive damage growth and thus more realistic conditions; a key 
requirement for this study. In the process of selecting the most appropriate test the authors have considered and 
appreciated issues pertain to notch sensitivity as these have been reported in numerous studies in the literature [15]. 
Nevertheless, the investigation of progressive damage growth from more realistic conditions as well as the 
interaction between key failure mechanisms such as delamination and fibre microbuckling could not be conducted 
using unnotched specimens where free edge effects such as shear fracture have been observed [Renaud, x,x].          
To investigate the compressive failures, X-Ray radiography as well as optical and scanning electron microscopy 
were employed. Microscopy provided information about the dominant delaminations, in-plane shear fractures and 
their interactions at and 15.5 mm away from the notch. X-Ray radiography was best suited for characterising 
localised translaminar damage, longitudinal and off-axis intralaminar damage, especially at the notch as well as the 
extent of the interlaminar damage across the specimens. 
After conducting a parametric study and considering recommendations from the literature [21], for the X-Ray 
radiography it was found that soaking the failed specimens in dibromomethane for five minutes was adequate for 
the penetrant to reach the full extent of the damaged area. The specimens were then left to dry for twenty minutes 
so that a satisfactory contrast between the pristine composite and the damage could be achieved. To facilitate 
microscopy rectangular sections of 45 mm x 20 mm and 50 mm x 35 mm for the compact and plain compression 
specimens respectively, which enclosed the damage, were carefully cut using a dry saw [15,18] at and 15.5 mm 
away from the notch (i.e. at the midpoint between the notch and the free edge). Regarding Optical Microscopy, the 
rectangular sections were mounted in potting resin, ground and polished to achieve a smooth surface. For Scanning 
Electron Microscopy the rectangular sections were carefully dissected, bonded on stubs using a two-part epoxy, 
sputter-coated with gold and marked with silver dag to ensure electrical conductivity. Optical microscopy was 
carried out on an Olympus BHM incident optical microscope and a Q-Imaging MicroPublisher 5.0RTV camera; 
Scanning Electron Microscopy was used a Hitachi S-3400N microscope at an acceleration voltage of 15 kV. 
3. Results 
The compact compression results of the (0/90/45/-45)2S monolithic and hybrid laminates are summarized in    
Table 2 and typical force-displacement curves are shown in Figure 2. Both monolithic and hybrid configurations 
exhibited similar compressive behaviour, but the failure load and post failure response differed. In particular, the 
HTS_IMS_O hybrid configuration exhibited the highest failure load followed by IMS, HTS_IMS_A and HTS. The 
damage propagation which followed failure initiation varied, perhaps consistent with the failure process having 
been different. The test results shown in Figure 2 suggest that the hybridisation of the laminate enhanced the 
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 5 
compressive performance. In particular, in comparison to the baseline configuration (HTS), the replacement of the 
HTS angle plies (±45) with IMS of the same orientation (HTS_IMS_A) enhanced the failure load as well as the 
stiffness. Moreover, when HTS 0° and 90° plies were replaced by IMS (HTS_IMS_O), both the failure load and 
stiffness were increased. Note that whilst the stiffness of the IMS and HTS_IMS_O were very similar (note the 
load-bearing fibres were identical) this was not the case for the HTS and HTS_IMS_A, suggesting that the stiffness 
may not have been dictated only by the load-bearing fibres. The improvement in the compressive performance in 
the HTS_IMS_A configuration is thought to have been attributed to the improvement in the in-plane shear support 
on the HTS 0° load-bearing plies, whereas in the HTS_IMS_O configuration the improvement was attributed to the 
incorporation of the much stiffer IMS 0° load-bearing plies IMS plies (Table 1)[15]. The importance of the in-
plane support on the 0° load-bearing plies has been previously highlighted by the authors suggesting that under 
compact compression (where the load is applied via the pins) a moment is acting at the crack tip [15,18].  
The plain compression testing results of the four multidirectional laminates (monolithic and hybrid) are 
summarized in Table 2 while typical force-displacement curves are shown in Figure 3. As can be seen in Figure 3, 
the damage propagation following the initiation of failure differed indicating that the failure process differed. 
Considering the representative load-displacement curves of the four configurations, hybridization degraded the 
compressive performance. The replacement of ±45 HTS plies in the HTS baseline configuration with IMS plies 
(HTS_IMS_A) depressed the failure load but increased the stiffness. The replacement of 0° and 90° plies by IMS 
(HTS_IMS_O) also decreased the failure load and enhanced the stiffness. In this case albeit the stiffness of both 
hybrid configurations was mainly dictated by the load-bearing plies (Figure 3), the ranking in the failure load 
cannot be solely explained in terms of strength of the load-bearing plies. This is because the HTS exhibited the 
highest failure load compared to the other three configurations even though its load-bearing plies exhibited the 
lowest compression strength (Table 1). To shed light on this adverse effect of hybridisation on the compressive 
performance of multidirectional laminates in compact and plain compression, results from Digital Image 
Correlation and fractography were investigated and are presented in the following sections. 
In Figure 4 and Figure 5 the results from DIC are presented. In particular these figures illustrate the surface strain 
distribution ( y ) in the direction of the load-bearing fibres (0°) acquired just prior to failure. These strain 
distribution maps are presented with the same scale bars to aid qualitative comparison between the different layups. 
Considering the strain distribution of the four configurations shown in Figure 4, the axial strains ( y ) just before 
failure around the notch in the HTS (baseline) and the HTS_IMS_A configurations were higher than the IMS and 
HTS_IMS_O configuration which had stiffer and stronger IMS fibres on the load-bearing plies. In addition all four 
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 6 
configurations exhibited tensile strains close to the free edge, due to the geometry of the compact compression 
specimen as well as the load application via the pins (Figure 1). The axial strain distribution in the plain 
compression specimens differed. In particular due to the simpler geometry of the plain compression specimen 
(Figure 1) no tensile strains we observed at the free edges. Albeit all four configurations experienced higher overall 
strains as compared to compact compression specimens, the HTS (baseline) and the HTS_IMS_A configurations 
exhibited higher strains at failure than the IMS and HTS_IMS_O configuration, which was consistent with the 
observations made in compact compression (Figure 5). In the following section the observations from the post-
failure analysis which was conducted to shed light in the failure process of the four configurations are presented 
with the aim of providing reasoning for the contradicting results between compact and plain compression tests.  
4. Fractographic Analysis 
In this section the observations from the fractographic analysis of the four configurations in compact and plain 
compression are presented. In particular, the results from X-Ray radiography, Optical and Scanning Electron 
Microscopy are documented, the dominant failure mechanisms are identified and the compression failure processes 
were deduced. The interpretation of the failure process provided in this section is based on evidence from 
nominally identical specimens of each layup (monolithic and hybrid) at and remote from the notch. 
4.1 X-Ray radiography 
Representative X-Ray radiographs of the four CC and PC configurations are shown in Figure 6 and Figure 7 
respectively, in which the notch is on the left hand side of each specimen. Note that the radiographs in Figure 6 and 
Figure 7 correspond to the same representative specimens presented in the Optical Microscopy analysis. X-Ray 
radiography revealed the extent of the damage in the various configurations highlighting the dominant 
delaminations as well as the crack propagation path and step-like fracture morphologies (red-dotted lines). 
Delaminations at 0/90, 45/90 and 45/-45 ply interfaces were observed across all specimens however, the 
extent of the delamination at the 0/90 was generally larger than the other delaminations throughout, both in 
Compact and Plain Compression specimens. Evidence of longitudinal (0) and off-axis ply splitting (intralaminar 
damage) was also noted in the various configurations. The former is generally formed due to the low transverse 
strength and the lack of support of the load bearing plies at the notch (high stress concentration), whilst the latter is 
formed tangentially to the notch due to the high in-plane shear stresses. In addition, X-Ray radiography also 
revealed the interaction between longitudinal and off-axis ply splits (saw-tooth or step-like morphology) which 
was related to the in-plane shear fractures that had occurred [22]. Such an interaction between these two types of 
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 7 
intralaminar fracture is manifested as a serrated formation which is initiated by an off-axis ply split. Upon 
increased loading, longitudinal splits are induced in the adjacent load-bearing ply; once the load-bearing fibres 
reach a critical length they buckle into the off-axis split due to lack of lateral support driven by the applied shear. 
The step-like formation is then developed as microbuckling propagates across the off-axis split [22]. In compact 
and plain compression specimens (red-dotted elbow lines) it was noted that the length of the longitudinal and off-
axis ply splits in the plain compression specimens was shorter than that observed in the compact compression 
specimens; this can be attributed to the less sharp notch and the absence of shear load (introduced by the pins). 
4.2 Optical Microscopy 
Following the preparation procedure described in Section 2.4, specimens from the various configurations and 
geometries were investigated using Optical Microscopy to examine the fracture morphology at the notch and 15.5 
mm away from it. This was done to identify the dominant failure modes and to investigate their interaction, which 
led to deduction of the sequence of events which had caused global fracture. To ease the reader, apart from 
representative fracture morphologies of the various configurations (compact and plain compression), schematics 
depicting the various failure modes and their interaction are also provided in this section.   
In the HTS baseline configuration, it was deduced from the fracture morphologies that delamination and in-plane 
shear fracture were the dominant failure modes in compact compression (Figure 8). In particular, the mechanism 
which had triggered the failure process was delamination (A) at the 3/4 ply interface. This was deduced from the 
continuity of the fracture with the delamination damage, since delamination (A) separated the laminate into two 
sub-laminates which had consequently failed independently. The failure in the sub-laminate to the right of the (A) 
delamination was caused by delamination migration via an in-plane shear fracture (B) in ply 3 (45) to the 2/3 ply 
interface and then propagation to the surface. Failure in the sub-laminate to the left of the initial delamination (A) 
was triggered by in-plane shear fracture (C) of ply 12 which consequently induced secondary fracture, 
delamination (D) at the 13/14 ply interface and the in-plane shear failure (E). The latter changed the stress state in 
the material and triggered the delamination (F) at the 9/10 ply interface. The remaining fractures (Figure 8) were 
triggered by the secondary failure mechanisms described above and thus were not critical for the failure process. 
The fracture morphology of the second monolithic configuration, IMS, is shown in Figure 9, where mainly 
delaminations and in-plane shear fractures were observed. In particular, three main failure mechanisms were noted: 
delamination (A) at the 14/15 ply interface, in-plane shear fracture (E) and delamination (I) at the 5/6 interface. 
Considering delamination (A) at the 14/15 ply interface and the related failure modes, delamination (A) is thought 
to have occurred prior to (E) and (I) and the redistribution of the stresses in the material had caused the first 
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 8 
stiffness loss of the laminate. Delamination (A) consequently induced in-plane shear fracture (B) via which it 
migrated to the 12/13 ply interface. As for the in-plane shear fracture (E), it propagated in two directions inducing 
the delaminations (F) and (D) at the 7/8 and 9/10 ply interfaces respectively. The formation of the delamination (F) 
had caused a change in the stress state which had consequently induced in-plane shear fracture (G) and 
delamination (H) at the 6/7 ply interface. Eventually, delamination (I) at the 5/6 ply interface occurred 
independently and did not cause significant secondary damage. Nevertheless, considering (Figure 9d), this 
delamination seems to have coalesced with the in-plane shear fracture (E) but it may have also been due to post-
failure damage, induced by the sliding of the fractured surfaces over each other. 
The micrographs shown in Figure 10 indicated that delamination and in-plane shear fracture were also the 
dominant failure mechanisms in the HTS_IMS_A hybrid laminate. Considering the severity and continuity of the 
failure modes, the delamination (A) at the 14/15 ply interface triggered the failure process which consequently 
separated the laminate into two sub-laminates. After the loss of stiffness due to delamination (A) the sub-laminate 
to the left of delamination (A) essentially carried most of the load. As for the failure in the left sub-laminate, 
delaminations (B) and (C) at the 7/8 and 2/3 ply interfaces respectively, triggered the failure. Considering the 
secondary damages they had induced and their severity, delamination (B) at the 7/8 ply interface seems to have 
occurred first and consequently via in-plane shear fracture (E), induced intralaminar damage (ply 5). Finally, 
delamination (C) at the 2/3 ply interface also induced an in-plane shear fracture (D). At this point it should be 
noted that delaminations (A) and (C) occurred at hybrid 90/45 interfaces. 
With regards to the fracture morphology of the second hybrid configuration, HTS_IMS_O interlaminar and 
translaminar fracture dominated the failure process (Figure 11). Delaminations (A) and (F) at the 15/16 and 3/4 ply 
interface respectively (Figure 11d) appeared to have occurred prior to any other failure modes. As for the failure 
modes related to delaminations (A) and (F), delamination (A) caused significantly more damage and hence greater 
loss of stiffness. Initially, delamination (A) induced an in-plane shear fracture (B) and consequently the fracture 
propagated in two directions, causing a delamination (C) at the 14/15 ply interface and an in-plane shear fracture 
(D). Delamination (F) at the 3/4 ply interface propagated in two directions inducing two shear fractures (E) and 
(G). Albeit evidence of additional failure mechanisms can be observed in Figure 11 such as longitudinal splitting 
(ply 5) and delaminations at 7/8 and 10/11 ply interfaces, these failure modes were secondary. 
In the plain compression specimens the fracture morphologies were quite different to those observed in the 
compact compression specimens, principally in the severity of the failure modes and the presence of significant 
post-failure damage. This was attributed to the plain compression test having been more dynamic than the compact 
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 9 
compression, and essentially leading to less progressive failure processes. The presence of multiple delaminations 
and a large in-plane shear fracture were the main features of the fracture morphology observed at the HTS 
configuration (Figure 12). However, as mentioned above, post-failure damage even away from the notch was 
evident. Regarding the failure process of the HTS configuration (Figure 12), the mechanism that triggered the 
fracture was the delamination (A) in the 5/6 ply interface which caused a loss of stiffness and separated the 
laminate into two sub-laminates that failed independently. The sub-laminate to the left of this delamination (A), 
failed mainly due to delamination (B) in the 1/2 interface which consequently migrated via multiple in-plane shear 
fractures and ply splits. The in-plane shear fracture (D) triggered the fracture in the right sub-laminate. In 
particular, once the load bearing ply (12) failed due to microbuckling, the in-plane shear fracture propagated in two 
directions. As the in-plane shear fracture propagated, the plies started to slide over each other inducing multiple 
delaminations, such as (C) in the 9/10 ply interface and thus triggering the unstable fracture.  
The fracture morphology of the IMS configuration is shown in Figure 13. The failure process of this configuration 
was triggered by delamination (A) at the 11/12 ply interface which formed two sub-laminates. The right sub-
laminate failed due to delamination (D) at the 13/14 ply interface whereas the failure process of the left sub- 
laminate was more progressive. As it can be seen in Figure 13d, delamination (A) at the 11/12 ply interface caused 
the loss of the lateral support which then led to formation of in- plane shear fracture (C). Upon increased loading 
this in-plane shear fracture propagated across the width of the sub-laminate inducing multiple delaminations such 
as (F) and (G) at the 9/10 and 5/6 ply interface respectively. 
In Figure 14 the fracture morphology of the hybrid configuration HTS_IMS_A is shown. Unlike the previous 
configurations, in this instance the fracture morphology was mainly characterised by multiple delaminations. The 
most important delaminations in this fracture morphology were (A), (B), (C), (D) at the 13/14, 9/10, 1/2 and 5/6 
ply interfaces respectively. Considering the relative severity and continuity of the delaminations and the related 
failure modes, delamination (A) in the 13/14 ply interface must have occurred first, separating the laminates into 
two sub-laminates. Upon increased loading, this failure propagated from delamination (A) propagated to the 
laminate surface via an in-plane shear fracture (E). The failure process in the left sub-laminate was triggered by the 
delamination (D) in the 5/6 ply interface which further separated this sub-laminate into two sub-laminates. 
Consequently, these two sub-laminates failed due to delamination (C) and (B) at the 1/2 and 9/10 ply interfaces 
respectively. As it can be seen in Figure 14c further delaminations were induced due to post-failure damage. 
The fracture morphology of the second hybrid configuration HTS_IMS_O is illustrated in Figure 15. Similar to the 
previously discussed configurations, multiple delaminations were evident. The failure process was triggered by 
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delamination (A) at the 4/5 ply interface and the two resulting sub-laminates consequently failed in different 
manner. On the one hand, the left sub-laminate failed due to the delamination (B) at the 1/2 interface. On the other 
hand, the failure process in the right sub-laminate, where more plies were present, was more complex. In this 
instance, the failure was triggered due to an in-plane shear fracture (E) which propagated in two directions 
inducing the delaminations (D) and (F) at the 7/8 and 9/10 ply interfaces respectively. Consequently, the latter (F) 
caused local loss of stiffness and induced an in-plane shear fracture that propagated all the way to the surface. 
4.3 Scanning Electron Microscopy 
Scanning Electron Microscopy was employed to provide an insight into the interaction between the failure 
mechanisms in the various configurations. To ease the reader, representative micrographs from the various 
configurations at and 15.5 mm away from the notch are presented side by side in Figure 16 and Figure 17 for the 
compact compression specimens and in Figure 18 and Figure 19 for the plain compression specimens. In Figure 16 
the fracture morphologies of the four configurations at the notch are shown and the dominant failure mechanisms 
are highlighted such as delaminations as well as longitudinal and off-axis ply splitting. These ply splits, which are 
generally difficult to observe using Optical Microscopy, occurred due to a sharp change in the direct and transverse 
stresses across the notch. As a consequence, a rapid rise in the shear stresses occurred along the off-axis plies 
which acted as a site where ply splitting in the adjacent 0° load-bearing plies formed.  
In the HTS configuration the delaminations at the -45/45 and 90/-45 ply interfaces, identified as the dominant 
failure mechanisms by optical microscopy, were also evident (Figure 16a). Moreover, 0/90 delamination was 
observed both in the vicinity of the midplane (11/12 ply interface – Figure 16a) as well as near the surface – Figure 
17a). The former revealed evidence of in-plane shear fracture of the 0° load-bearing plies which triggered the 
fracture, thus confirming the observation made in optical microscopy that it preceded the one near the surface 
(15/16 ply interface). Regarding the second monolithic configuration, IMS, evidence of the dominant failure 
mechanisms i.e. delaminations at the -45/45 and 90/45 ply interfaces is shown in Figure 16b and Figure 17b. In 
addition to the main interlaminar fractures longitudinal ply splitting can be clearly seen as well as the related 
splitting of the adjacent off-axis plies (Figure 16d). Considering the severity of the interlaminar fractures both at 
the notch and 15.5 mm away from it clearly the delamination at the 0/90 ply interface occurred later than those at 
-45/45 and 90/45 ply interfaces. This suggests that the load-bearing plies lost their lateral support (and failed by 
out-of-plane microbuckling) later in the failure process compared to the baseline configuration HTS (hence the 
20% higher strength). Similar to the IMS configuration, electron microscopy highlighted the delamination at the -
45/45 and 90/-45 ply interfaces (Figure 16c and Figure 17c) in the HTS_IMS_A hybrid configuration however, 
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the severity of these delaminations was higher. Contrary to the baseline configuration HTS, delamination at the 
0/90 ply interface was not dominant failure mode while extensive in-plane shear fracture in both 45° and 0° plies 
was observed. In the second hybrid configuration, HTS_IMS_O (Figure 16d and Figure 17d) extensive 
delaminations at the -45/45 ply interfaces were observed throughout and evidence of delamination at the 0/90 
ply interface was mainly noted at the notch (Figure 16d). While at the notch the delamination at the 0/90 ply 
interface was extensive, away from the notch the fracture of the 0 load-bearing plies was not associated with 
delamination but instead failed by in-plane microbuckling. This implies that the extent of the 0/90 delamination 
might have been exacerbated by post-failure damage.  
The fracture morphologies of the four plain compression configurations at the notch and 15.5 mm away from the 
notch are shown in Figure 18 and Figure 19 illustrating the dominant failure mechanisms and their interaction. 
Considering the fracture morphology of the HTS configuration at the notch (Figure 18a) and away from it (Figure 
19a), Scanning Electron Microscopy confirmed the presence of delaminations at the 0/90 and 45/-45 and 
90/45 ply interfaces in accordance to the observations made in optical microscopy and X-Ray radiography 
(Figure 7). As can be seen in the micrographs, delamination at the 0/90 ply interface (Figure 19a) was limited 
away from the notch (where post-failure damage was expected ‒ Figure 18a). The 0 load-bearing fibres exhibited 
a fracture surface relating to in-plane microbuckling (Figure 19a). In the absence of 0/90 delamination, the 
compression failure in the load-bearing plies caused the 90 (ply splitting) and ±45 fibres (in-plane shear) to fail 
since these coincided with the failure line of the load-bearing fibres (Figure 19a). Considering the relative severity 
of the delaminations, out-of-plane microbuckling (due to 0/90 delamination) of the load-bearing plies (and thus 
unstable fracture) occurred later than the delaminations at the 45/-45 and 90/45 ply interfaces (indicative of the 
highest strength among the four configurations ‒ Table 2). Another interesting observation, is shown in Figure 18a 
where off-axis ply splitting at a -45 ply formed tangential to the notch is illustrated (Figure 7). The fracture 
morphology of the second monolithic configuration, IMS, is shown at the notch (Figure 18b) and away from the 
notch (Figure 19b). Similar to the observations from optical microscopy and X-Ray radiography, delaminations at 
the 0/90 and 45/-45 ply interfaces were evident, as well as secondary delaminations such as 0/-45 
delamination. Additionally, longitudinal and off-axis ply splitting (and the step-like morphology due to their 
interaction) were also observed. Nevertheless, in this configuration the severity of the 0/90 delamination 
(especially away from the notch) was greater than that in the baseline configuration (HTS) implying that the 0 
load-bearing plies had failed early in the failure process due to out-of-plane microbuckling (thus the lowest 
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strength among the four configurations ‒ Table 2). With respect to the fracture morphology of the HTS_IMS_A 
configuration (off-axis plies replaced with IMS), representative fracture morphologies at the notch and 15.5mm 
away from it are shown in Figure 18c and Figure 19c where the dominant delaminations at 0/90 and 45/-45 ply 
interfaces and their interaction with translaminar and intralaminar fractures are highlighted (Figure 19c). Whilst, at 
the notch the fracture morphology was mainly characterised by the off-axis ply splitting the 45/-45 delamination, 
away from the notch the delamination at the 0/90 ply interface was more pronounced. Nevertheless, in Figure 
19c it can be seen that the fracture in the off-axis plies matched the fracture line of the failed load-bearing plies 
indicating that in-plane microbuckling had occurred prior to interlaminar fractures. What was also noted was the 
limited delamination at -45/0 and 90/45 ply interfaces throughout, i.e. the hybrid interfaces, which may be 
consistent with the hybrid interfaces having exhibited higher delamination fracture toughness than the monolithic 
ply interfaces. Finally, representative fracture morphologies of the HTS_IMS_O configuration (orthogonal plies 
replaced with IMS) are shown in Figure 18d (at the notch) and Figure 19d (15.5mm away from the notch). In this 
instance extensive delaminations were observed at the 0/-45 hybrid interfaces while very limited delaminations at 
the 90/45 hybrid interfaces were noted. Regarding monolithic interfaces, these were characterised by 
delamination at 0/90 ply interfaces throughout (Figure 18d and Figure 19d). On the fracture morphologies 
limited interaction was seen between the load-bearing and the off-axis plies, as was noted in the HTS and 
HTS_IMS_A configurations, indicating that out-of-plane microbuckling had occurred early in the failure process.   
5. Discussion 
The effect of the hybridisation of multidirectional composite laminates on the compressive performance and 
detailed failure process was studied. To do so, the compressive performance of two monolithic carbon fibre/epoxy 
systems was compared to that of their respective hybrids in compact compression (CC) and plain compression 
(PC), thus also giving the opportunity to assess the effect of loading and specimen configuration as well.  
The results from the compact compression testing suggested that hybridisation led to a superior compressive 
performance to that of the monolithic configurations HTS and IMS (Figure 2). The incorporation of ±45 IMS plies 
in the HTS baseline configuration (HTS_IMS_A) enhanced the failure load as well as the stiffness. Along the same 
lines when HTS 0° and 90° plies were replaced by IMS (HTS_IMS_O), the failure load and stiffness were 
increased due to the improvement of the in-plane shear support on the HTS 0 load-bearing plies (Table 1). In the 
former the improvement was thought to have been due to the enhancement of the in-plane shear support on the 
HTS 0° load-bearing plies, whereas in the latter the improvement was attributed to the incorporation of the much 
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stiffer IMS 0° load-bearing plies IMS plies[15]. In addition, contrary to the representative load-displacement curve 
of the (0/90/45/-45)4S multidirectional configuration made of Hexcel IM7/8552 reported previously by the authors 
[15,18], in these four multidirectional configurations no abrupt drop in the stiffness was observed after failure 
(Figure 2). These configurations were able to withstand higher loads following damage development for larger 
displacements for which it was deduced that they exhibited higher delamination fracture toughness. 
In light of the mechanical results and Digital Image Correlation data, the fractographic analysis of the four 
multidirectional configurations revealed that delamination and in-plane shear fracture were the dominant failure 
modes and that extensive ply splitting (longitudinal and off-axis) occurred at the notch. Nevertheless, the location 
of the dominant delaminations and the failure process differed, suggesting that the layup, and thus hybridisation, 
influenced the stress distribution during compressive failure. Moreover, less damage was observed in the fracture 
morphologies of these four representative configurations both at the notch and away from it in comparison to the 
representative fracture morphology of the (0/90/45/-45)4S multidirectional configuration made of Hexcel IM7/8552  
previously reported by the authors [15,18]. This was due to the fact that delamination was the dominant failure 
mode and thus limited sliding of the fractured surfaces occurred. This shift in the dominant failure mode, from in-
plane shear fracture to delamination, could be attributed to the difference in the ply thickness (100% increase), a 
factor which has been highlighted by Wisnom [23] to promote delamination prior to any other failure mode due to 
blunting of the stress concentration at the notch.  
X-Ray radiography noted extensive longitudinal and off-axis ply splitting tangentially to the notch (Figure 6 and 
Figure 7) in all four configurations both at compact and plain compression. In fact, it was suggested that ply 
splitting was the first failure mode to occur irrespective of the layup due to the lack of the support on the surface 
and the high stress concentration at the notch. However, ply splitting did not directly cause unstable out-of-plane 
compression microbuckling (like interlaminar fracture) but can induce or interact with other failure modes such as 
translaminar fibre fracture and delamination [15,22]. Moreover, X-Ray radiography highlighted the formation of 
the step-like fractures at the adjacent 0 and ±45° plies which acted as initiation sites for the in-plane shear 
fractures of the ±45 and 0 plies [22], similar to those observed by Potter [24] and Pinnell [25]. Radiography 
suggested that the major delaminations formed at 0/90 and 45/-45 ply interfaces (Figure 6 and Figure 7). 
Subsequently, optical and scanning electron microscopy indicated that delamination dictated the failure process 
and that hybridisation influenced the location of these key delaminations. Regarding the monolithic configurations, 
it was observed that the dominant delaminations in the HTS baseline configuration occurred at 45/-45 and 
90/45 ply interfaces (Figure 8, Figure 16, Figure 17), whilst in the IMS configuration the dominant delaminations 
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occurred at 90/45 and -45/0 ply interfaces (Figure 9, Figure 16 and Figure 17), which was in accordance to the 
observations made by Pinnell [25], Purslow [26] and Prabhakar and Waas [27]. In light of the fractographic 
analysis of the two monolithic systems (HTS and IMS), it was observed that in the HTS_IMS_O hybrid 
configuration the dominant delaminations had occurred at non-hybrid interfaces (0/90 and 45/-45 ply interfaces 
as shown in Figure 11 and Figure 16) whereas in the HTS_IMS_A configuration delaminations had occurred at 
hybrid interfaces (90/45 ply interface ‒ Figure 10 and Figure 16). Moreover, in the HTS_IMS_A configuration, as 
soon as the hybrid interface had failed, multiple delaminations occurred (mainly in 45/-45 non-hybrid ply 
interfaces) while in the HTS_IMS_O configuration in-plane shear fracture was induced instead. This suggested that 
the fracture toughness of the hybrid 90/45 and -45/0 ply interfaces, where 0, 90 plies were of IMS and ±45 
plies were of HTS, exhibited higher delamination fracture toughness than the same hybrid interfaces where 0, 90 
plies were of HTS and ±45 plies were of IMS. 
Even though the compact compression test yielded very interesting findings, the complex specimen geometry 
might have had an effect on the apparent compressive performance of such multidirectional laminates. It is thought 
that the loading via the pins had not been directly applied to the notch but instead a moment was applied. This was 
evident by the extensive off-axis ply splitting which had formed in the sharp notch due to the large shear stresses in 
the ±45 plies. Moreover, due to the complex geometry of the CC specimen and the load application via the pins 
(Figure 2), large tensile stresses were evident at the free edge (Figure 4). Considering these reasons, plain 
compression (PC) was employed to alleviate these effects and further investigate how the load application and 
specimen geometry influenced the compressive performance. 
In plain compression, the four (0/90/45/-45)2S multidirectional configurations (HTS, HTS_IMS_A, HTS_IMS_O 
and IMS) exhibited different compressive performances compared to that observed in the compact compression 
test, i.e. the ranking differed. All four configurations exhibited similar force-displacement curves (but however 
different compliances – Table 2) which were all characterised by an abrupt drop in the stiffness after the failure 
load had been reached (Figure 3). The hybridisation in this instance led to the degradation of the compressive 
performance. In particular, the monolithic HTS baseline configuration exhibited the highest strength (albeit HTS 
having lower compression strength than IMS) but also the largest scatter from all four configurations. The 
replacement of ±45° HTS plies in the HTS baseline configuration with IMS plies (HTS_IMS_A) depressed the 
failure load but increased the stiffness (by approximately 3% and 6% respectively). Replacing 0° and 90° plies by 
IMS (HTS_IMS_O) also decreased the strength by 9% and enhanced the stiffness by 21%.  
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With regards to the fractographic analysis, initially X-Ray radiography noted that in the vicinity of the notch 
longitudinal and off-axis ply splitting had formed tangentially to the notch due to the low transverse and shear 
strength of the 0 load bearing plies (longitudinal splits) as well as the large shear stresses in the ±45 plies (off-
axis splits). It should be noted that the length of the longitudinal and off-axis ply splits in the plain compression 
specimens was shorter than that observed in the compact compression specimen, which can be attributed to the less 
sharp notch and the absence of shear load (introduced by the pins). Finally, the characteristic saw-tooth (or step-
like) morphology of the compressive failure was observed both in 0 load-bearing plies and ±45 off-axis plies, 
nevertheless with irregular step size (Figure 7), implying that there was an interaction between the off-axis and 
longitudinal ply splitting with the translaminar failure of the 0 load-bearing plies and the in-plane shear fracture of 
the ±45 off-axis plies.  
Contrary to the compact compression results, the dynamic nature of the plain compression test and the higher 
compressive strengths led to fracture morphologies with a greater amount of post-failure damage both in the 
vicinity of the notch and away from the notch (delaminations and out-of-plane deformation). This made the 
interpretation of the fracture morphology arduous. Considering the fracture morphologies and the stress 
distribution prior to failure obtained by DIC (Figure 5), it can be suggested that the failure was unstable and short 
in duration where multiple delaminations where evident. Delamination was also in this instance the dominant 
failure mechanisms which triggered the failure process in all four configurations. In both monolithic 
configurations, HTS and IMS, delamination in the 0/90 and -45/45 ply interfaces were dominant; nevertheless 
these delaminations consequently interacted with different failure modes (Figure 12, Figure 13 and Figure 18). 
These observations were not in accordance to those made in the compact compression or those made by Pinnell 
[25], Purslow [26], indicating that the load application and the specimen geometry influenced the failure processes. 
Regarding the hybrid configurations, the dominant delaminations in the HTS_IMS_A which exhibited superior 
compressive performance (compared to HTS_IMS_O) occurred at a non-hybrid interface (45/-45 and 0/90 ‒ 
Figure 14 and Figure 18); whilst in the HTS_IMS_O the dominant delamination occurred at a hybrid interface (-
45/0 ‒ Figure 15 and Figure 19). In fact, this delamination at a hybrid interface had a greater effect on the 
compressive performance than a delamination at a non-hybrid ply interface. In particular, in this hybrid interface, 
the surrounding material developed higher strain energy just prior to the formation of the delamination. As soon as 
the delamination had formed, the stress changed dramatically and led to higher local instability, which implies that 
the hybrid interfaces exhibited higher delamination fracture toughness than the non-hybrid ply interfaces. Finally, it 
should be noted that no dominant delaminations were observed at 90/45 ply interfaces, an interface where 
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extensive delaminations had occurred in the compact compression configurations (both monolithic and hybrid). 
This is indicative of the change in the stress state that hybridisation had caused in the laminate. 
To summarise, in this study some important observations were made regarding the compressive failure of 
multidirectional laminates. In particular, it was noted that hybridisation greatly influenced the compressive 
performance and more precisely the dominant failure modes and the sequence of events which led to global failure. 
Such observations indicate that the layup influenced the conditions under which failure occurs and particularly the 
magnitude of the various stresses (such as interlaminar and in-plane shear) that compete under a given compressive 
load [15]. Moreover, it was highlighted that the loading and specimen configuration also had an effect on the 
compressive behaviour (failure sequence and dominant failure mode characteristics) since no consistency was 
noted in the ranking of the monolithic and hybrid configurations between compact and plain compression. The 
fractographic analysis of the various configurations and specimen geometries also highlighted the importance of 
the delamination fracture toughness of the hybrid interfaces which essentially played a significant role in the failure 
process of the hybrid configurations [15].   
In light of the knowledge acquired in this study, the generic sequence of events likely to lead to fracture in the 
(±45/0/90)S family of laminates previously suggested by the authors [15,18] has been updated accordingly. Albeit 
this generic sequence may be applicable to other layups, further studies are required given the complexity of the 
compressive failure process as the one highlighted in this study. Even though no theoretical and numerical models 
have been presented here, the author has carried out extensive studies to support this suggested sequence of events 
using various analytical approaches (Hashin, LaRC05) let alone the studies on the inherent variability of failure 
process in nominally identical specimens [15,18]; nevertheless presenting these results goes beyond the scope of 
this paper, which aims to outline the key failure mechanisms, their interaction and the failure sequence using 
detailed fractographic observations. The following flow chart (Figure 20) illustrates the suggested sequence of the 
failure mechanisms which can lead to the global failure of a (±45/0/90)S multidirectional composite laminate in 
different scenarios; these depend on key factors such as the compressive load application, the premature formation 
of delamination and the presence of a stress raiser (such as notch). Initially, the first criterion depends on whether 
pure compressive load can be applied onto the laminate. If pure compressive load cannot be ensured, the laminate 
fails due to global buckling. Although this scenario is not very likely to occur in coupon-sized specimens like the 
CC specimens, it can possibly occur in thin-walled composite elements and structures where antibuckling guides 
have not been utilised [22]. The second criterion represents those cases where pure compressive load is ensured 
and depends on which of the stress components (which are in equilibrium prior to failure) will exceed its critical 
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value. The formation of the dominant failure mechanisms such as delamination, fibre microbuckling and ply 
splitting, depends on the laminate stress state. The two scenarios shown in Figure 20 illustrate the failure processes 
likely to occur in the cases where either the critical strain energy release rate or in-plane shear strength exceeds 
their critical values. If the former exceeds its critical value first, delamination will form first whilst in the case 
where the in-plane shear strength is exceeded in-plane shear fracture will form prior to any interlaminar fracture. 
6. Conclusions 
Monolithic and hybrid multidirectional composite laminates were tested in compact and plain compression to 
assess the effect of hybridisation on the compressive performance. Fractography was employed to identify the 
dominant failure mechanisms with the aim of highlighting the influence of hybridisation as well as load application 
and specimen configuration on the failure process for a given multidirectional layup. 
• Hybridisation of the (0/90/45/-45)2S multidirectional laminate was found to have greatly influenced the 
compressive performance. The introduction of a second material in the axial and off-axis plies had both 
positive and negative effect in the compressive strength.  
• Specimen and notch geometry as well as load application also influenced the effect of hybridisation, given that 
no consistency in the compressive strength ranking was observed across compact and plain compression. 
Moreover, in-plane shear and delamination fracture toughness of hybrid and non-hybrid interfaces have been 
identified as factors of great importance since the ranking of compression strength across the various 
configurations could not be merely attributed to the strength of the load-bearing plies (HTS and IMS fibres). 
• Delamination was the dominant failure modes both in monolithic (HTS, IMS) and hybrid (HTS_IMS_A, 
HTS_IMS_O) multidirectional configurations. Longitudinal and off-axis ply splitting in the vicinity of the notch 
was also evident as well as evidence of their interaction (saw-tooth morphology) and the length of the splits in 
the plain compression specimens was shorter than that observed in the compact compression specimen.  
• The fractography highlighted that hybridisation affected the location of the key delaminations and that 
interlaminar fracture at a hybrid interface was more detrimental with respect to the compressive performance 
than that at a monolithic interface.  
7. Acknowledgments 
The authors wish to acknowledge the support of EPSRC and DSTL, on the Crack Arrest and Self-Healing in 
COMPosite Structures (CRASHCOMPS) Project (EP/G005648/1). 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 18 
8. References 
[1] Hardaker K, Richardson M. Trends in hybrid composite technology. Polymer-Plastics Technology and 
Engineering. 1980;15(2):169-82. 
[2] Micromechanical strength theory of hybrid composites. Advanced Composite Materials. 1991;1(1):39-53. 
[3] Hiel C. Effect of impact damage and open hole on compressive strength of hybrid composite laminates. NASA-
CR-194603; 1993. 
[4] Ishai O, Hiel C, Damage tolerance of a composite sandwich with interleaved foam core, Journal of Composite 
Technology and Research, 1992;3:155-168. Hiel C, Ishai O. Low and high velocity impact response of thick 
hybrid composites. American Society for Composites - Seventh Technical Conference 1992.  
[5] Dorey G, Sidey G, Hutchings J. Impact Properties of Carbon Fiber/Kevlar 49 Fiber Hybrid Composites. 
Composites, 1978;9:25-36. Dorey G, Sidey G, Hutchings J. Impact Properties of Carbon Fiber/Kevlar 49 Fiber 
Hybrid Composites. Ibid. 1978;8:25-36.  
[6] Hogg P. Toughening of thermosetting composites with thermoplastic fibres. Materials Science and 
Engineering. 2005;A412:97-103. 
[7] Thanomsilp C, Hogg PJ. Interlaminar fracture toughness of hybrid composites based on commingled yarn 
fabrics. Composites Science and Technology. 2005;65(10):1547-63.  
[8] Aveston J, Sillwood J. Synergistic fibre strengthening in hybrid composites. Journal of Materials Science. 
1976;11:1877-88.  
[9] Ji X, Hsiao G, Chou T. A dynamic explanation of the hybrid effect. J. of Comp Mat. 1981:443-61. 
[10] Chung D. Carbon Fiber Composites: Butterworth-Heinemann; 1994. 
[11] Piggot MR, Harris B, Compression strength of hybrid fibre-reinforced plastics. Journal of Materials Science, 
1981; 16:687-693. 
[12] Yeramalli CS, Waas AM, Compressive behaviour of hybrid composites. Proceedings of 44th 
AIAA/ASME/ASCE/AHS Structures, Structural Dynamics and Materials Conference;2003: AIAA 2003-1509. 
[13] Sudarisman, Davies IJ, Hamada H, Compressive failure of unidirectional hybrid fibre-reinforced epoxy 
composites containing carbon and silicon carbide fibres. Composites: Part A, 2007; 38:1070–1074.  
[14] Zhang J, Chaisombat K, He S, Wang CH, Hybrid composite laminates reinforced with glass/carbon woven 
fabrics for lightweight load bearing structures. Materials and Design, 2012; 36: 75–80.  
[15] Tsampas S, Analysis of Compression Failure in Multidirectional Laminates, PhD Thesis, Imperial College 
London, 2013.  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 19 
[16] Greenhalgh E, Bond I, Bismarck A, Hallett S, Iannucci L, Potter K, Crack Arrest and Self- Healing in 
Composite Structures (CRASHCOMPS).  ESPRC EP/G005648/1; 2007.  
[17] CYTEC. MTM44-1 Data Sheet, Accessed on 11
th
 November 2011.  
[18] Tsampas SA, Greenhalgh ES, Ankersen J, Curtis PT. On compressive failure of multidirectional fibre-
reinforced composites: A fractographic study. Composites Part A. 2012;43(3):454–68.  
[19] Pinho S, Robinson P, Iannucci L. Fracture toughness in the tensile and compressive failure modes in 
laminated composites. Composites Science Technology. 2006;66:2069-79.  
[20] Greenhalgh ES, Cox PS. A method to determine propagation direction of compressive fracture in carbon-fibre 
composites. Composite Structures. 1991, 21.  
[21] Birt E.  The applicability of X-radiography to the inspection of composites. Insight – Non-destructive Testing 
and Condition Monitoring. 2000;42(3):183-211.  
[22] Greenhalgh ES. Failure analysis and fractography of polymer composites: Woodhead; 2009. 
[23] Wisnom M, Hallett S, Soutis C. Scaling Effects in Notched Composites. Journal of Composite Materials. 
2010, 44:195-210.  
[24] Potter RT. Some fractographic investigations of compressive failures in carbon reinforced plastics. RAE Tech 
Report; 1986.  
[25] Pinell WB. Fractographic analysis of quasi-isotropic laminates loaded in compression. Fractography of 
modern Engineering Materials: Composites and Metals. Philadelphia: American Society for Testing Materials; 
1993. p. 188-204.  
[26] Purslow D, Potter RT. The effect of environment on compression strength of CFRPs – a fractographic 
investigation. Composites. 1984; 15(2): 112-120.  
[27] Prabhakar P, Waas A. Interaction between kinking and splitting in the compressive failure of unidirectional 
fiber reinforced laminated composites. Composite Structures .2013;98:85–92.Prabhakar P, Waas A, Raveendra R. 
The interaction of failure modes in the compression response and failure of laminated composites. 53rd 
AIAA/ASME/ASCE/ASC Conference. Honolulu, Hawaii, 2012.  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 1 
Compressive failure of hybrid multidirectional fibre-reinforced composites 
S.A. Tsampas
a
, E.S. Greenhalgh
b*
, J. Ankersen
c
, P.T. Curtis
b,d 
a 
Material Technologies, Swerea SICOMP, Argongatan 30, 431 53, Gothenburg, Sweden 
b
Aeronautics Department, Imperial College London, South Kensington Campus, SW7 2AZ, London, UK 
c
GKN Aerospace CTC, The National Composites Centre, BS16 7FS, Bristol, UK 
d
Physical Sciences Department, DSTL, 415 BLDG, Porton Down, SP4 0JQ, Wiltshire, UK 
*
Corresponding Author Tel: +44 (0)20 75945070 E-mail address:e.greenhalgh@imperial.ac.uk 
Abstract 
In this paper, the hybridisation of multidirectional carbon fibre-reinforced composites as a means of improving the 
compressive performance is studied. The aim is to thoroughly investigate how hybridisation influences the 
laminate behaviour under different compression conditions and thus provide an explanation of the “hybrid effect”. 
The chosen approach was to compare the compressive performance of two monolithic carbon fibre/epoxy systems, 
CYTEC HTS/MTM44-1 and IMS/MTM44-1, with that of their respective hybrids. This was done by keeping the 
same layup throughout ((0/90/45/-45)2S) while replacing the angle plies in one case or the orthogonal plies in the 
other case with the second material, thus producing two hybrid systems. To investigate the compressive 
performance of these configurations, compact and plain compression test methods were employed which also 
allowed studying the sensitivity of compressive failure to specimen geometry and loading conditions. The 
experimental results and the subsequent fractographic analysis revealed that the hybridisation of selective ply 
interfaces influenced the location and severity of the failure mechanisms. Finally, in light of this knowledge, an 
update of the generic sequence of events, previously suggested by the authors, which lead to global fracture in 
multidirectional fibre-reinforced composites under compression is presented. 
Keywords: Carbon fibres(A); Fracture(B); Fractography(D);Electron Microscopy(D) 
1. Introduction 
The term hybrid applies to composites which contain more than one type of reinforcement and/or more than one 
type of matrix [1,2]. The main purpose of composite hybridization is often to improve specific properties or lower 
the overall manufacturing cost. In the case of fibre-reinforced composites, various fibres can be used in different 
plies or even within the same ply as co-woven, twisted or bound with a binder. In the case where the second filler 
is in the form of particles, these are usually mixed with the fibres within the lamina or even located between 
adjacent laminae. The incorporation of mainly carbon fibres with other types such as glass [3,4], aramid [5] and 
*Manuscript clean version
Click here to view linked References
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 2 
other polymeric fibres [6,7], has mainly served to enhance the toughness or impact resistance. In particular, 
hybridization enhances the failure strain [8,9] but on the other hand it leads to a decrease in stiffness, as has been 
reported by Chung [10]. Moreover, it has been observed that the failure strain of the carbon fibres in a hybrid 
composite is greater than that in a monolithic material, referred to throughout the literature as the hybrid effect 
[10]. However, so far no study has adequately explained the mechanism behind the “hybrid effect” and how failure 
processes are affected by hybridisation. With regards to compressive failure of hybrid fibre-reinforced composites, 
the literature is sparse [11-14], focussing on compressive failure of unidirectional and woven fabric laminates 
made by hybridising carbon fibres with glass and silicon carbide fibres (or woven fabrics). The novelty of the 
present work is not limited to the mere study of the compressive failure of the hybrid multidirectional composite 
laminates and a comparison with the monolithic laminates. On the contrary, this study aims to provide detailed 
fractographic observations on how the compression damage processes had ensued and the effect of the fibre 
hybridisation on these processes under two different loading conditions. The use of two different types of 
compression testing not only allowed to shed light on the difference in the failure sequence of progressive 
compression damage development (compact compression) and unstable failure process (plain compression) in 
monolithic multidirectional composite laminates, but also to highlight how fibre hybridisation influenced the 
dominant compression failure modes in light of experimental observations made previously by the authors [15]. In 
particular, the findings from the extensive fractographic analysis (X-Ray radiography, optical and scanning 
electron microscopy) on multidirectional laminates (made of UD HTS/MTM44-1 and IMS/MTM44-1 pre-preg 
tapes) are presented for the various configurations in both compact and plain compression and used to deduce the 
sequence of events that led to global fracture. It is beyond the scope of this paper to provide a predictive approach 
which has been the topic of a wealth of studies; on the contrary the high fidelity results and detailed fractographic 
observations on the key mechanisms can be used by other workers on the field to validate their numerical models. 
The study presented in this paper has been part of the CRASHCOMPS Project [16].  
2. Experimental Details 
2.1 Laminate Fabrication and Specimen Configurations 
The materials used were 12K HTS/MTM44-1 and 24K IMS/MTM44-1 unidirectional pre-pregs supplied by 
CYTEC [17]. The experimentally determined values for lamina thickness were 0.246 ± 0.011 mm and             
0.249 ± 0.012 mm whilst the fibre volume fraction values were 60.2 ± 0.7% and 59.5 ± 1.1% for HTS/MTM44-1 
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and IMS/MTM44-1 respectively [15]. With respect to the mechanical properties (Table 1), IMS/MTM44-1 is 
stronger and stiffer both in tension and compression but weaker and more compliant in shear [15].  
Four panels (430 mm x 300 mm) were manufactured according to the supplier’s recommendations [15], each 
having a (0/90/45/-45)2S layup.  This particular layup was used due to the superior failure strength it exhibits 
compared to other multidirectional layups as has been reported by the authors [15,18]. Each panel had a different 
material configuration namely monolithic HTS (HTS); hybrid HTS/IMS with 0° and 90° HTS plies and ±45° IMS 
plies (HTS_IMS_A); hybrid HTS/IMS with 0° and 90° IMS plies and ±45° HTS plies (HTS_IMS_O) and finally 
monolithic IMS (IMS). For simplicity, the notation which will be used henceforth for these four configurations is 
HTS, HTS_IMS_A, HTS_IMS_O and IMS respectively. Note that the HTS configuration was deemed as the 
baseline against which the remaining configurations were compared. To obtain the compact and plain compression 
specimens, rectangular sections were cut using a wet saw to dimensions 60 mm x 65 mm and 132 mm x50 mm 
respectively. For the compact compression specimens [19], holes for loading pins were drilled and a notch was 
introduced using a 4 mm wide diamond-coated circular saw, whilst for the plain compression specimens [20], a 6 
mm cutter was utilised for producing the notch (Figure 1). The surfaces were painted white and a fine black 
speckle pattern was then introduced on top using an airbrush to facilitate Digital Image Correlation (DIC) [15,18]. 
2.2 Experimental Setup and Characterisation 
For the compact compression testing a 10-ton servo-hydraulic Instron machine with a 10 kN loadcell was 
employed to apply compression load via the loading pins. Plain compression testing was carried out in a 50-ton 
Zwick 1488 machine with hydraulic grips with a 200 kN loadcell. An antibuckling guide was utilised to ensure 
uniform compressive load distribution and stability [15,20]. DIC was performed (Figure 1) on both compact and 
plain compression tests using a GOM Aramis (v6.2) and a pair of Schneider Kreuznach Componon S-1.4/100 mm 
DIC cameras illuminated by two Schneider Kreuznach LED lights (40 W). Five specimens were tested per 
configuration, each of which was loaded in displacement control at a rate of 1mm/min for compact compression 
and 2mm/min for plain compression; load-displacement data were recorded every second and DIC pictures were 
taken every three seconds ‒ to provide more accurate displacement data LVDTs were used instead of the those 
recorded by the Instron machine, while DIC was also used for verification. Finally, whilst compact compression 
tests were halted prior to catastrophic failure, this was not possible for plain compression due to the unstable nature 
of the test [15]. Instead these tests were stopped once a significant load drop, i.e. catastrophic failure, had occurred. 
It should be noted that other more traditional compression tests such as the ASTM D3410 and D6484 (mainly 
developed for unidirectional laminates) were also considered for this study. However, such tests employ highly 
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 4 
supported specimens which do not allow for progressive damage growth and thus more realistic conditions; a key 
requirement for this study. In the process of selecting the most appropriate test the authors have considered and 
appreciated issues pertain to notch sensitivity as these have been reported in numerous studies in the literature [15]. 
Nevertheless, the investigation of progressive damage growth from more realistic conditions as well as the 
interaction between key failure mechanisms such as delamination and fibre microbuckling could not be conducted 
using unnotched specimens where free edge effects such as shear fracture have been observed [Renaud, x,x].          
To investigate the compressive failures, X-Ray radiography as well as optical and scanning electron microscopy 
were employed. Microscopy provided information about the dominant delaminations, in-plane shear fractures and 
their interactions at and 15.5 mm away from the notch. X-Ray radiography was best suited for characterising 
localised translaminar damage, longitudinal and off-axis intralaminar damage, especially at the notch as well as the 
extent of the interlaminar damage across the specimens. 
After conducting a parametric study and considering recommendations from the literature [21], for the X-Ray 
radiography it was found that soaking the failed specimens in dibromomethane for five minutes was adequate for 
the penetrant to reach the full extent of the damaged area. The specimens were then left to dry for twenty minutes 
so that a satisfactory contrast between the pristine composite and the damage could be achieved. To facilitate 
microscopy rectangular sections of 45 mm x 20 mm and 50 mm x 35 mm for the compact and plain compression 
specimens respectively, which enclosed the damage, were carefully cut using a dry saw [15,18] at and 15.5 mm 
away from the notch (i.e. at the midpoint between the notch and the free edge). Regarding Optical Microscopy, the 
rectangular sections were mounted in potting resin, ground and polished to achieve a smooth surface. For Scanning 
Electron Microscopy the rectangular sections were carefully dissected, bonded on stubs using a two-part epoxy, 
sputter-coated with gold and marked with silver dag to ensure electrical conductivity. Optical microscopy was 
carried out on an Olympus BHM incident optical microscope and a Q-Imaging MicroPublisher 5.0RTV camera; 
Scanning Electron Microscopy was used a Hitachi S-3400N microscope at an acceleration voltage of 15 kV. 
3. Results 
The compact compression results of the (0/90/45/-45)2S monolithic and hybrid laminates are summarized in    
Table 2 and typical force-displacement curves are shown in Figure 2. Both monolithic and hybrid configurations 
exhibited similar compressive behaviour, but the failure load and post failure response differed. In particular, the 
HTS_IMS_O hybrid configuration exhibited the highest failure load followed by IMS, HTS_IMS_A and HTS. The 
damage propagation which followed failure initiation varied, perhaps consistent with the failure process having 
been different. The test results shown in Figure 2 suggest that the hybridisation of the laminate enhanced the 
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 5 
compressive performance. In particular, in comparison to the baseline configuration (HTS), the replacement of the 
HTS angle plies (±45) with IMS of the same orientation (HTS_IMS_A) enhanced the failure load as well as the 
stiffness. Moreover, when HTS 0° and 90° plies were replaced by IMS (HTS_IMS_O), both the failure load and 
stiffness were increased. Note that whilst the stiffness of the IMS and HTS_IMS_O were very similar (note the 
load-bearing fibres were identical) this was not the case for the HTS and HTS_IMS_A, suggesting that the stiffness 
may not have been dictated only by the load-bearing fibres. The improvement in the compressive performance in 
the HTS_IMS_A configuration is thought to have been attributed to the improvement in the in-plane shear support 
on the HTS 0° load-bearing plies, whereas in the HTS_IMS_O configuration the improvement was attributed to the 
incorporation of the much stiffer IMS 0° load-bearing plies IMS plies (Table 1)[15]. The importance of the in-
plane support on the 0° load-bearing plies has been previously highlighted by the authors suggesting that under 
compact compression (where the load is applied via the pins) a moment is acting at the crack tip [15,18].  
The plain compression testing results of the four multidirectional laminates (monolithic and hybrid) are 
summarized in Table 2 while typical force-displacement curves are shown in Figure 3. As can be seen in Figure 3, 
the damage propagation following the initiation of failure differed indicating that the failure process differed. 
Considering the representative load-displacement curves of the four configurations, hybridization degraded the 
compressive performance. The replacement of ±45 HTS plies in the HTS baseline configuration with IMS plies 
(HTS_IMS_A) depressed the failure load but increased the stiffness. The replacement of 0° and 90° plies by IMS 
(HTS_IMS_O) also decreased the failure load and enhanced the stiffness. In this case albeit the stiffness of both 
hybrid configurations was mainly dictated by the load-bearing plies (Figure 3), the ranking in the failure load 
cannot be solely explained in terms of strength of the load-bearing plies. This is because the HTS exhibited the 
highest failure load compared to the other three configurations even though its load-bearing plies exhibited the 
lowest compression strength (Table 1). To shed light on this adverse effect of hybridisation on the compressive 
performance of multidirectional laminates in compact and plain compression, results from Digital Image 
Correlation and fractography were investigated and are presented in the following sections. 
In Figure 4 and Figure 5 the results from DIC are presented. In particular these figures illustrate the surface strain 
distribution ( y ) in the direction of the load-bearing fibres (0°) acquired just prior to failure. These strain 
distribution maps are presented with the same scale bars to aid qualitative comparison between the different layups. 
Considering the strain distribution of the four configurations shown in Figure 4, the axial strains ( y ) just before 
failure around the notch in the HTS (baseline) and the HTS_IMS_A configurations were higher than the IMS and 
HTS_IMS_O configuration which had stiffer and stronger IMS fibres on the load-bearing plies. In addition all four 
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configurations exhibited tensile strains close to the free edge, due to the geometry of the compact compression 
specimen as well as the load application via the pins (Figure 1). The axial strain distribution in the plain 
compression specimens differed. In particular due to the simpler geometry of the plain compression specimen 
(Figure 1) no tensile strains we observed at the free edges. Albeit all four configurations experienced higher overall 
strains as compared to compact compression specimens, the HTS (baseline) and the HTS_IMS_A configurations 
exhibited higher strains at failure than the IMS and HTS_IMS_O configuration, which was consistent with the 
observations made in compact compression (Figure 5). In the following section the observations from the post-
failure analysis which was conducted to shed light in the failure process of the four configurations are presented 
with the aim of providing reasoning for the contradicting results between compact and plain compression tests.  
4. Fractographic Analysis 
In this section the observations from the fractographic analysis of the four configurations in compact and plain 
compression are presented. In particular, the results from X-Ray radiography, Optical and Scanning Electron 
Microscopy are documented, the dominant failure mechanisms are identified and the compression failure processes 
were deduced. The interpretation of the failure process provided in this section is based on evidence from 
nominally identical specimens of each layup (monolithic and hybrid) at and remote from the notch. 
4.1 X-Ray radiography 
Representative X-Ray radiographs of the four CC and PC configurations are shown in Figure 6 and Figure 7 
respectively, in which the notch is on the left hand side of each specimen. Note that the radiographs in Figure 6 and 
Figure 7 correspond to the same representative specimens presented in the Optical Microscopy analysis. X-Ray 
radiography revealed the extent of the damage in the various configurations highlighting the dominant 
delaminations as well as the crack propagation path and step-like fracture morphologies (red-dotted lines). 
Delaminations at 0/90, 45/90 and 45/-45 ply interfaces were observed across all specimens however, the 
extent of the delamination at the 0/90 was generally larger than the other delaminations throughout, both in 
Compact and Plain Compression specimens. Evidence of longitudinal (0) and off-axis ply splitting (intralaminar 
damage) was also noted in the various configurations. The former is generally formed due to the low transverse 
strength and the lack of support of the load bearing plies at the notch (high stress concentration), whilst the latter is 
formed tangentially to the notch due to the high in-plane shear stresses. In addition, X-Ray radiography also 
revealed the interaction between longitudinal and off-axis ply splits (saw-tooth or step-like morphology) which 
was related to the in-plane shear fractures that had occurred [22]. Such an interaction between these two types of 
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intralaminar fracture is manifested as a serrated formation which is initiated by an off-axis ply split. Upon 
increased loading, longitudinal splits are induced in the adjacent load-bearing ply; once the load-bearing fibres 
reach a critical length they buckle into the off-axis split due to lack of lateral support driven by the applied shear. 
The step-like formation is then developed as microbuckling propagates across the off-axis split [22]. In compact 
and plain compression specimens (red-dotted elbow lines) it was noted that the length of the longitudinal and off-
axis ply splits in the plain compression specimens was shorter than that observed in the compact compression 
specimens; this can be attributed to the less sharp notch and the absence of shear load (introduced by the pins). 
4.2 Optical Microscopy 
Following the preparation procedure described in Section 2.4, specimens from the various configurations and 
geometries were investigated using Optical Microscopy to examine the fracture morphology at the notch and 15.5 
mm away from it. This was done to identify the dominant failure modes and to investigate their interaction, which 
led to deduction of the sequence of events which had caused global fracture. To ease the reader, apart from 
representative fracture morphologies of the various configurations (compact and plain compression), schematics 
depicting the various failure modes and their interaction are also provided in this section.   
In the HTS baseline configuration, it was deduced from the fracture morphologies that delamination and in-plane 
shear fracture were the dominant failure modes in compact compression (Figure 8). In particular, the mechanism 
which had triggered the failure process was delamination (A) at the 3/4 ply interface. This was deduced from the 
continuity of the fracture with the delamination damage, since delamination (A) separated the laminate into two 
sub-laminates which had consequently failed independently. The failure in the sub-laminate to the right of the (A) 
delamination was caused by delamination migration via an in-plane shear fracture (B) in ply 3 (45) to the 2/3 ply 
interface and then propagation to the surface. Failure in the sub-laminate to the left of the initial delamination (A) 
was triggered by in-plane shear fracture (C) of ply 12 which consequently induced secondary fracture, 
delamination (D) at the 13/14 ply interface and the in-plane shear failure (E). The latter changed the stress state in 
the material and triggered the delamination (F) at the 9/10 ply interface. The remaining fractures (Figure 8) were 
triggered by the secondary failure mechanisms described above and thus were not critical for the failure process. 
The fracture morphology of the second monolithic configuration, IMS, is shown in Figure 9, where mainly 
delaminations and in-plane shear fractures were observed. In particular, three main failure mechanisms were noted: 
delamination (A) at the 14/15 ply interface, in-plane shear fracture (E) and delamination (I) at the 5/6 interface. 
Considering delamination (A) at the 14/15 ply interface and the related failure modes, delamination (A) is thought 
to have occurred prior to (E) and (I) and the redistribution of the stresses in the material had caused the first 
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 8 
stiffness loss of the laminate. Delamination (A) consequently induced in-plane shear fracture (B) via which it 
migrated to the 12/13 ply interface. As for the in-plane shear fracture (E), it propagated in two directions inducing 
the delaminations (F) and (D) at the 7/8 and 9/10 ply interfaces respectively. The formation of the delamination (F) 
had caused a change in the stress state which had consequently induced in-plane shear fracture (G) and 
delamination (H) at the 6/7 ply interface. Eventually, delamination (I) at the 5/6 ply interface occurred 
independently and did not cause significant secondary damage. Nevertheless, considering (Figure 9d), this 
delamination seems to have coalesced with the in-plane shear fracture (E) but it may have also been due to post-
failure damage, induced by the sliding of the fractured surfaces over each other. 
The micrographs shown in Figure 10 indicated that delamination and in-plane shear fracture were also the 
dominant failure mechanisms in the HTS_IMS_A hybrid laminate. Considering the severity and continuity of the 
failure modes, the delamination (A) at the 14/15 ply interface triggered the failure process which consequently 
separated the laminate into two sub-laminates. After the loss of stiffness due to delamination (A) the sub-laminate 
to the left of delamination (A) essentially carried most of the load. As for the failure in the left sub-laminate, 
delaminations (B) and (C) at the 7/8 and 2/3 ply interfaces respectively, triggered the failure. Considering the 
secondary damages they had induced and their severity, delamination (B) at the 7/8 ply interface seems to have 
occurred first and consequently via in-plane shear fracture (E), induced intralaminar damage (ply 5). Finally, 
delamination (C) at the 2/3 ply interface also induced an in-plane shear fracture (D). At this point it should be 
noted that delaminations (A) and (C) occurred at hybrid 90/45 interfaces. 
With regards to the fracture morphology of the second hybrid configuration, HTS_IMS_O interlaminar and 
translaminar fracture dominated the failure process (Figure 11). Delaminations (A) and (F) at the 15/16 and 3/4 ply 
interface respectively (Figure 11d) appeared to have occurred prior to any other failure modes. As for the failure 
modes related to delaminations (A) and (F), delamination (A) caused significantly more damage and hence greater 
loss of stiffness. Initially, delamination (A) induced an in-plane shear fracture (B) and consequently the fracture 
propagated in two directions, causing a delamination (C) at the 14/15 ply interface and an in-plane shear fracture 
(D). Delamination (F) at the 3/4 ply interface propagated in two directions inducing two shear fractures (E) and 
(G). Albeit evidence of additional failure mechanisms can be observed in Figure 11 such as longitudinal splitting 
(ply 5) and delaminations at 7/8 and 10/11 ply interfaces, these failure modes were secondary. 
In the plain compression specimens the fracture morphologies were quite different to those observed in the 
compact compression specimens, principally in the severity of the failure modes and the presence of significant 
post-failure damage. This was attributed to the plain compression test having been more dynamic than the compact 
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compression, and essentially leading to less progressive failure processes. The presence of multiple delaminations 
and a large in-plane shear fracture were the main features of the fracture morphology observed at the HTS 
configuration (Figure 12). However, as mentioned above, post-failure damage even away from the notch was 
evident. Regarding the failure process of the HTS configuration (Figure 12), the mechanism that triggered the 
fracture was the delamination (A) in the 5/6 ply interface which caused a loss of stiffness and separated the 
laminate into two sub-laminates that failed independently. The sub-laminate to the left of this delamination (A), 
failed mainly due to delamination (B) in the 1/2 interface which consequently migrated via multiple in-plane shear 
fractures and ply splits. The in-plane shear fracture (D) triggered the fracture in the right sub-laminate. In 
particular, once the load bearing ply (12) failed due to microbuckling, the in-plane shear fracture propagated in two 
directions. As the in-plane shear fracture propagated, the plies started to slide over each other inducing multiple 
delaminations, such as (C) in the 9/10 ply interface and thus triggering the unstable fracture.  
The fracture morphology of the IMS configuration is shown in Figure 13. The failure process of this configuration 
was triggered by delamination (A) at the 11/12 ply interface which formed two sub-laminates. The right sub-
laminate failed due to delamination (D) at the 13/14 ply interface whereas the failure process of the left sub- 
laminate was more progressive. As it can be seen in Figure 13d, delamination (A) at the 11/12 ply interface caused 
the loss of the lateral support which then led to formation of in- plane shear fracture (C). Upon increased loading 
this in-plane shear fracture propagated across the width of the sub-laminate inducing multiple delaminations such 
as (F) and (G) at the 9/10 and 5/6 ply interface respectively. 
In Figure 14 the fracture morphology of the hybrid configuration HTS_IMS_A is shown. Unlike the previous 
configurations, in this instance the fracture morphology was mainly characterised by multiple delaminations. The 
most important delaminations in this fracture morphology were (A), (B), (C), (D) at the 13/14, 9/10, 1/2 and 5/6 
ply interfaces respectively. Considering the relative severity and continuity of the delaminations and the related 
failure modes, delamination (A) in the 13/14 ply interface must have occurred first, separating the laminates into 
two sub-laminates. Upon increased loading, this failure propagated from delamination (A) propagated to the 
laminate surface via an in-plane shear fracture (E). The failure process in the left sub-laminate was triggered by the 
delamination (D) in the 5/6 ply interface which further separated this sub-laminate into two sub-laminates. 
Consequently, these two sub-laminates failed due to delamination (C) and (B) at the 1/2 and 9/10 ply interfaces 
respectively. As it can be seen in Figure 14c further delaminations were induced due to post-failure damage. 
The fracture morphology of the second hybrid configuration HTS_IMS_O is illustrated in Figure 15. Similar to the 
previously discussed configurations, multiple delaminations were evident. The failure process was triggered by 
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delamination (A) at the 4/5 ply interface and the two resulting sub-laminates consequently failed in different 
manner. On the one hand, the left sub-laminate failed due to the delamination (B) at the 1/2 interface. On the other 
hand, the failure process in the right sub-laminate, where more plies were present, was more complex. In this 
instance, the failure was triggered due to an in-plane shear fracture (E) which propagated in two directions 
inducing the delaminations (D) and (F) at the 7/8 and 9/10 ply interfaces respectively. Consequently, the latter (F) 
caused local loss of stiffness and induced an in-plane shear fracture that propagated all the way to the surface. 
4.3 Scanning Electron Microscopy 
Scanning Electron Microscopy was employed to provide an insight into the interaction between the failure 
mechanisms in the various configurations. To ease the reader, representative micrographs from the various 
configurations at and 15.5 mm away from the notch are presented side by side in Figure 16 and Figure 17 for the 
compact compression specimens and in Figure 18 and Figure 19 for the plain compression specimens. In Figure 16 
the fracture morphologies of the four configurations at the notch are shown and the dominant failure mechanisms 
are highlighted such as delaminations as well as longitudinal and off-axis ply splitting. These ply splits, which are 
generally difficult to observe using Optical Microscopy, occurred due to a sharp change in the direct and transverse 
stresses across the notch. As a consequence, a rapid rise in the shear stresses occurred along the off-axis plies 
which acted as a site where ply splitting in the adjacent 0° load-bearing plies formed.  
In the HTS configuration the delaminations at the -45/45 and 90/-45 ply interfaces, identified as the dominant 
failure mechanisms by optical microscopy, were also evident (Figure 16a). Moreover, 0/90 delamination was 
observed both in the vicinity of the midplane (11/12 ply interface – Figure 16a) as well as near the surface – Figure 
17a). The former revealed evidence of in-plane shear fracture of the 0° load-bearing plies which triggered the 
fracture, thus confirming the observation made in optical microscopy that it preceded the one near the surface 
(15/16 ply interface). Regarding the second monolithic configuration, IMS, evidence of the dominant failure 
mechanisms i.e. delaminations at the -45/45 and 90/45 ply interfaces is shown in Figure 16b and Figure 17b. In 
addition to the main interlaminar fractures longitudinal ply splitting can be clearly seen as well as the related 
splitting of the adjacent off-axis plies (Figure 16d). Considering the severity of the interlaminar fractures both at 
the notch and 15.5 mm away from it clearly the delamination at the 0/90 ply interface occurred later than those at 
-45/45 and 90/45 ply interfaces. This suggests that the load-bearing plies lost their lateral support (and failed by 
out-of-plane microbuckling) later in the failure process compared to the baseline configuration HTS (hence the 
20% higher strength). Similar to the IMS configuration, electron microscopy highlighted the delamination at the -
45/45 and 90/-45 ply interfaces (Figure 16c and Figure 17c) in the HTS_IMS_A hybrid configuration however, 
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the severity of these delaminations was higher. Contrary to the baseline configuration HTS, delamination at the 
0/90 ply interface was not dominant failure mode while extensive in-plane shear fracture in both 45° and 0° plies 
was observed. In the second hybrid configuration, HTS_IMS_O (Figure 16d and Figure 17d) extensive 
delaminations at the -45/45 ply interfaces were observed throughout and evidence of delamination at the 0/90 
ply interface was mainly noted at the notch (Figure 16d). While at the notch the delamination at the 0/90 ply 
interface was extensive, away from the notch the fracture of the 0 load-bearing plies was not associated with 
delamination but instead failed by in-plane microbuckling. This implies that the extent of the 0/90 delamination 
might have been exacerbated by post-failure damage.  
The fracture morphologies of the four plain compression configurations at the notch and 15.5 mm away from the 
notch are shown in Figure 18 and Figure 19 illustrating the dominant failure mechanisms and their interaction. 
Considering the fracture morphology of the HTS configuration at the notch (Figure 18a) and away from it (Figure 
19a), Scanning Electron Microscopy confirmed the presence of delaminations at the 0/90 and 45/-45 and 
90/45 ply interfaces in accordance to the observations made in optical microscopy and X-Ray radiography 
(Figure 7). As can be seen in the micrographs, delamination at the 0/90 ply interface (Figure 19a) was limited 
away from the notch (where post-failure damage was expected ‒ Figure 18a). The 0 load-bearing fibres exhibited 
a fracture surface relating to in-plane microbuckling (Figure 19a). In the absence of 0/90 delamination, the 
compression failure in the load-bearing plies caused the 90 (ply splitting) and ±45 fibres (in-plane shear) to fail 
since these coincided with the failure line of the load-bearing fibres (Figure 19a). Considering the relative severity 
of the delaminations, out-of-plane microbuckling (due to 0/90 delamination) of the load-bearing plies (and thus 
unstable fracture) occurred later than the delaminations at the 45/-45 and 90/45 ply interfaces (indicative of the 
highest strength among the four configurations ‒ Table 2). Another interesting observation, is shown in Figure 18a 
where off-axis ply splitting at a -45 ply formed tangential to the notch is illustrated (Figure 7). The fracture 
morphology of the second monolithic configuration, IMS, is shown at the notch (Figure 18b) and away from the 
notch (Figure 19b). Similar to the observations from optical microscopy and X-Ray radiography, delaminations at 
the 0/90 and 45/-45 ply interfaces were evident, as well as secondary delaminations such as 0/-45 
delamination. Additionally, longitudinal and off-axis ply splitting (and the step-like morphology due to their 
interaction) were also observed. Nevertheless, in this configuration the severity of the 0/90 delamination 
(especially away from the notch) was greater than that in the baseline configuration (HTS) implying that the 0 
load-bearing plies had failed early in the failure process due to out-of-plane microbuckling (thus the lowest 
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strength among the four configurations ‒ Table 2). With respect to the fracture morphology of the HTS_IMS_A 
configuration (off-axis plies replaced with IMS), representative fracture morphologies at the notch and 15.5mm 
away from it are shown in Figure 18c and Figure 19c where the dominant delaminations at 0/90 and 45/-45 ply 
interfaces and their interaction with translaminar and intralaminar fractures are highlighted (Figure 19c). Whilst, at 
the notch the fracture morphology was mainly characterised by the off-axis ply splitting the 45/-45 delamination, 
away from the notch the delamination at the 0/90 ply interface was more pronounced. Nevertheless, in Figure 
19c it can be seen that the fracture in the off-axis plies matched the fracture line of the failed load-bearing plies 
indicating that in-plane microbuckling had occurred prior to interlaminar fractures. What was also noted was the 
limited delamination at -45/0 and 90/45 ply interfaces throughout, i.e. the hybrid interfaces, which may be 
consistent with the hybrid interfaces having exhibited higher delamination fracture toughness than the monolithic 
ply interfaces. Finally, representative fracture morphologies of the HTS_IMS_O configuration (orthogonal plies 
replaced with IMS) are shown in Figure 18d (at the notch) and Figure 19d (15.5mm away from the notch). In this 
instance extensive delaminations were observed at the 0/-45 hybrid interfaces while very limited delaminations at 
the 90/45 hybrid interfaces were noted. Regarding monolithic interfaces, these were characterised by 
delamination at 0/90 ply interfaces throughout (Figure 18d and Figure 19d). On the fracture morphologies 
limited interaction was seen between the load-bearing and the off-axis plies, as was noted in the HTS and 
HTS_IMS_A configurations, indicating that out-of-plane microbuckling had occurred early in the failure process.   
5. Discussion 
The effect of the hybridisation of multidirectional composite laminates on the compressive performance and 
detailed failure process was studied. To do so, the compressive performance of two monolithic carbon fibre/epoxy 
systems was compared to that of their respective hybrids in compact compression (CC) and plain compression 
(PC), thus also giving the opportunity to assess the effect of loading and specimen configuration as well.  
The results from the compact compression testing suggested that hybridisation led to a superior compressive 
performance to that of the monolithic configurations HTS and IMS (Figure 2). The incorporation of ±45 IMS plies 
in the HTS baseline configuration (HTS_IMS_A) enhanced the failure load as well as the stiffness. Along the same 
lines when HTS 0° and 90° plies were replaced by IMS (HTS_IMS_O), the failure load and stiffness were 
increased due to the improvement of the in-plane shear support on the HTS 0 load-bearing plies (Table 1). In the 
former the improvement was thought to have been due to the enhancement of the in-plane shear support on the 
HTS 0° load-bearing plies, whereas in the latter the improvement was attributed to the incorporation of the much 
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stiffer IMS 0° load-bearing plies IMS plies[15]. In addition, contrary to the representative load-displacement curve 
of the (0/90/45/-45)4S multidirectional configuration made of Hexcel IM7/8552 reported previously by the authors 
[15,18], in these four multidirectional configurations no abrupt drop in the stiffness was observed after failure 
(Figure 2). These configurations were able to withstand higher loads following damage development for larger 
displacements for which it was deduced that they exhibited higher delamination fracture toughness. 
In light of the mechanical results and Digital Image Correlation data, the fractographic analysis of the four 
multidirectional configurations revealed that delamination and in-plane shear fracture were the dominant failure 
modes and that extensive ply splitting (longitudinal and off-axis) occurred at the notch. Nevertheless, the location 
of the dominant delaminations and the failure process differed, suggesting that the layup, and thus hybridisation, 
influenced the stress distribution during compressive failure. Moreover, less damage was observed in the fracture 
morphologies of these four representative configurations both at the notch and away from it in comparison to the 
representative fracture morphology of the (0/90/45/-45)4S multidirectional configuration made of Hexcel IM7/8552  
previously reported by the authors [15,18]. This was due to the fact that delamination was the dominant failure 
mode and thus limited sliding of the fractured surfaces occurred. This shift in the dominant failure mode, from in-
plane shear fracture to delamination, could be attributed to the difference in the ply thickness (100% increase), a 
factor which has been highlighted by Wisnom [23] to promote delamination prior to any other failure mode due to 
blunting of the stress concentration at the notch.  
X-Ray radiography noted extensive longitudinal and off-axis ply splitting tangentially to the notch (Figure 6 and 
Figure 7) in all four configurations both at compact and plain compression. In fact, it was suggested that ply 
splitting was the first failure mode to occur irrespective of the layup due to the lack of the support on the surface 
and the high stress concentration at the notch. However, ply splitting did not directly cause unstable out-of-plane 
compression microbuckling (like interlaminar fracture) but can induce or interact with other failure modes such as 
translaminar fibre fracture and delamination [15,22]. Moreover, X-Ray radiography highlighted the formation of 
the step-like fractures at the adjacent 0 and ±45° plies which acted as initiation sites for the in-plane shear 
fractures of the ±45 and 0 plies [22], similar to those observed by Potter [24] and Pinnell [25]. Radiography 
suggested that the major delaminations formed at 0/90 and 45/-45 ply interfaces (Figure 6 and Figure 7). 
Subsequently, optical and scanning electron microscopy indicated that delamination dictated the failure process 
and that hybridisation influenced the location of these key delaminations. Regarding the monolithic configurations, 
it was observed that the dominant delaminations in the HTS baseline configuration occurred at 45/-45 and 
90/45 ply interfaces (Figure 8, Figure 16, Figure 17), whilst in the IMS configuration the dominant delaminations 
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occurred at 90/45 and -45/0 ply interfaces (Figure 9, Figure 16 and Figure 17), which was in accordance to the 
observations made by Pinnell [25], Purslow [26] and Prabhakar and Waas [27]. In light of the fractographic 
analysis of the two monolithic systems (HTS and IMS), it was observed that in the HTS_IMS_O hybrid 
configuration the dominant delaminations had occurred at non-hybrid interfaces (0/90 and 45/-45 ply interfaces 
as shown in Figure 11 and Figure 16) whereas in the HTS_IMS_A configuration delaminations had occurred at 
hybrid interfaces (90/45 ply interface ‒ Figure 10 and Figure 16). Moreover, in the HTS_IMS_A configuration, as 
soon as the hybrid interface had failed, multiple delaminations occurred (mainly in 45/-45 non-hybrid ply 
interfaces) while in the HTS_IMS_O configuration in-plane shear fracture was induced instead. This suggested that 
the fracture toughness of the hybrid 90/45 and -45/0 ply interfaces, where 0, 90 plies were of IMS and ±45 
plies were of HTS, exhibited higher delamination fracture toughness than the same hybrid interfaces where 0, 90 
plies were of HTS and ±45 plies were of IMS. 
Even though the compact compression test yielded very interesting findings, the complex specimen geometry 
might have had an effect on the apparent compressive performance of such multidirectional laminates. It is thought 
that the loading via the pins had not been directly applied to the notch but instead a moment was applied. This was 
evident by the extensive off-axis ply splitting which had formed in the sharp notch due to the large shear stresses in 
the ±45 plies. Moreover, due to the complex geometry of the CC specimen and the load application via the pins 
(Figure 2), large tensile stresses were evident at the free edge (Figure 4). Considering these reasons, plain 
compression (PC) was employed to alleviate these effects and further investigate how the load application and 
specimen geometry influenced the compressive performance. 
In plain compression, the four (0/90/45/-45)2S multidirectional configurations (HTS, HTS_IMS_A, HTS_IMS_O 
and IMS) exhibited different compressive performances compared to that observed in the compact compression 
test, i.e. the ranking differed. All four configurations exhibited similar force-displacement curves (but however 
different compliances – Table 2) which were all characterised by an abrupt drop in the stiffness after the failure 
load had been reached (Figure 3). The hybridisation in this instance led to the degradation of the compressive 
performance. In particular, the monolithic HTS baseline configuration exhibited the highest strength (albeit HTS 
having lower compression strength than IMS) but also the largest scatter from all four configurations. The 
replacement of ±45° HTS plies in the HTS baseline configuration with IMS plies (HTS_IMS_A) depressed the 
failure load but increased the stiffness (by approximately 3% and 6% respectively). Replacing 0° and 90° plies by 
IMS (HTS_IMS_O) also decreased the strength by 9% and enhanced the stiffness by 21%.  
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With regards to the fractographic analysis, initially X-Ray radiography noted that in the vicinity of the notch 
longitudinal and off-axis ply splitting had formed tangentially to the notch due to the low transverse and shear 
strength of the 0 load bearing plies (longitudinal splits) as well as the large shear stresses in the ±45 plies (off-
axis splits). It should be noted that the length of the longitudinal and off-axis ply splits in the plain compression 
specimens was shorter than that observed in the compact compression specimen, which can be attributed to the less 
sharp notch and the absence of shear load (introduced by the pins). Finally, the characteristic saw-tooth (or step-
like) morphology of the compressive failure was observed both in 0 load-bearing plies and ±45 off-axis plies, 
nevertheless with irregular step size (Figure 7), implying that there was an interaction between the off-axis and 
longitudinal ply splitting with the translaminar failure of the 0 load-bearing plies and the in-plane shear fracture of 
the ±45 off-axis plies.  
Contrary to the compact compression results, the dynamic nature of the plain compression test and the higher 
compressive strengths led to fracture morphologies with a greater amount of post-failure damage both in the 
vicinity of the notch and away from the notch (delaminations and out-of-plane deformation). This made the 
interpretation of the fracture morphology arduous. Considering the fracture morphologies and the stress 
distribution prior to failure obtained by DIC (Figure 5), it can be suggested that the failure was unstable and short 
in duration where multiple delaminations where evident. Delamination was also in this instance the dominant 
failure mechanisms which triggered the failure process in all four configurations. In both monolithic 
configurations, HTS and IMS, delamination in the 0/90 and -45/45 ply interfaces were dominant; nevertheless 
these delaminations consequently interacted with different failure modes (Figure 12, Figure 13 and Figure 18). 
These observations were not in accordance to those made in the compact compression or those made by Pinnell 
[25], Purslow [26], indicating that the load application and the specimen geometry influenced the failure processes. 
Regarding the hybrid configurations, the dominant delaminations in the HTS_IMS_A which exhibited superior 
compressive performance (compared to HTS_IMS_O) occurred at a non-hybrid interface (45/-45 and 0/90 ‒ 
Figure 14 and Figure 18); whilst in the HTS_IMS_O the dominant delamination occurred at a hybrid interface (-
45/0 ‒ Figure 15 and Figure 19). In fact, this delamination at a hybrid interface had a greater effect on the 
compressive performance than a delamination at a non-hybrid ply interface. In particular, in this hybrid interface, 
the surrounding material developed higher strain energy just prior to the formation of the delamination. As soon as 
the delamination had formed, the stress changed dramatically and led to higher local instability, which implies that 
the hybrid interfaces exhibited higher delamination fracture toughness than the non-hybrid ply interfaces. Finally, it 
should be noted that no dominant delaminations were observed at 90/45 ply interfaces, an interface where 
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extensive delaminations had occurred in the compact compression configurations (both monolithic and hybrid). 
This is indicative of the change in the stress state that hybridisation had caused in the laminate. 
To summarise, in this study some important observations were made regarding the compressive failure of 
multidirectional laminates. In particular, it was noted that hybridisation greatly influenced the compressive 
performance and more precisely the dominant failure modes and the sequence of events which led to global failure. 
Such observations indicate that the layup influenced the conditions under which failure occurs and particularly the 
magnitude of the various stresses (such as interlaminar and in-plane shear) that compete under a given compressive 
load [15]. Moreover, it was highlighted that the loading and specimen configuration also had an effect on the 
compressive behaviour (failure sequence and dominant failure mode characteristics) since no consistency was 
noted in the ranking of the monolithic and hybrid configurations between compact and plain compression. The 
fractographic analysis of the various configurations and specimen geometries also highlighted the importance of 
the delamination fracture toughness of the hybrid interfaces which essentially played a significant role in the failure 
process of the hybrid configurations [15].   
In light of the knowledge acquired in this study, the generic sequence of events likely to lead to fracture in the 
(±45/0/90)S family of laminates previously suggested by the authors [15,18] has been updated accordingly. Albeit 
this generic sequence may be applicable to other layups, further studies are required given the complexity of the 
compressive failure process as the one highlighted in this study. Even though no theoretical and numerical models 
have been presented here, the author has carried out extensive studies to support this suggested sequence of events 
using various analytical approaches (Hashin, LaRC05) let alone the studies on the inherent variability of failure 
process in nominally identical specimens [15,18]; nevertheless presenting these results goes beyond the scope of 
this paper, which aims to outline the key failure mechanisms, their interaction and the failure sequence using 
detailed fractographic observations. The following flow chart (Figure 20) illustrates the suggested sequence of the 
failure mechanisms which can lead to the global failure of a (±45/0/90)S multidirectional composite laminate in 
different scenarios; these depend on key factors such as the compressive load application, the premature formation 
of delamination and the presence of a stress raiser (such as notch). Initially, the first criterion depends on whether 
pure compressive load can be applied onto the laminate. If pure compressive load cannot be ensured, the laminate 
fails due to global buckling. Although this scenario is not very likely to occur in coupon-sized specimens like the 
CC specimens, it can possibly occur in thin-walled composite elements and structures where antibuckling guides 
have not been utilised [22]. The second criterion represents those cases where pure compressive load is ensured 
and depends on which of the stress components (which are in equilibrium prior to failure) will exceed its critical 
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value. The formation of the dominant failure mechanisms such as delamination, fibre microbuckling and ply 
splitting, depends on the laminate stress state. The two scenarios shown in Figure 20 illustrate the failure processes 
likely to occur in the cases where either the critical strain energy release rate or in-plane shear strength exceeds 
their critical values. If the former exceeds its critical value first, delamination will form first whilst in the case 
where the in-plane shear strength is exceeded in-plane shear fracture will form prior to any interlaminar fracture. 
6. Conclusions 
Monolithic and hybrid multidirectional composite laminates were tested in compact and plain compression to 
assess the effect of hybridisation on the compressive performance. Fractography was employed to identify the 
dominant failure mechanisms with the aim of highlighting the influence of hybridisation as well as load application 
and specimen configuration on the failure process for a given multidirectional layup. 
• Hybridisation of the (0/90/45/-45)2S multidirectional laminate was found to have greatly influenced the 
compressive performance. The introduction of a second material in the axial and off-axis plies had both 
positive and negative effect in the compressive strength.  
• Specimen and notch geometry as well as load application also influenced the effect of hybridisation, given that 
no consistency in the compressive strength ranking was observed across compact and plain compression. 
Moreover, in-plane shear and delamination fracture toughness of hybrid and non-hybrid interfaces have been 
identified as factors of great importance since the ranking of compression strength across the various 
configurations could not be merely attributed to the strength of the load-bearing plies (HTS and IMS fibres). 
• Delamination was the dominant failure modes both in monolithic (HTS, IMS) and hybrid (HTS_IMS_A, 
HTS_IMS_O) multidirectional configurations. Longitudinal and off-axis ply splitting in the vicinity of the notch 
was also evident as well as evidence of their interaction (saw-tooth morphology) and the length of the splits in 
the plain compression specimens was shorter than that observed in the compact compression specimen.  
• The fractography highlighted that hybridisation affected the location of the key delaminations and that 
interlaminar fracture at a hybrid interface was more detrimental with respect to the compressive performance 
than that at a monolithic interface.  
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 Property HTS/MTM44-1 IMS/MTM44-1 
Percentage 
Difference (%) 
CX  -1330 -1459 10 
TX  2159 2738 27 
LS  113 76 33 
tensionxE   123.2 147.2 19 
ncompressioxE   128.9 174.6 35 
12G  4.1 3.6 12 
Tow size 12K 24K - 
Table 1 
 
 
Layup Peak Load (kN) 
Compliance 
(mm kN
-1
) 
In-situ Lamina 
Thickness (mm) 
Measured 
Laminate 
Thickness (mm) 
HTS -4.96 ± 0.10   0.018 ± 0.001 0.246 ± 0.011 3.96 ± 0.03 
HTS_IMS_A -5.35 ± 0.07 0.014 ± 0.001 0.248 ± 0.005 4.01 ± 0.05 
HTS_IMS_O -5.86 ± 0.09 0.015 ± 0.001 0.248 ± 0.008 3.99 ± 0.03 
IMS -5.63 ± 0.08 0.016 ± 0.001 0.249 ± 0.012 4.02 ± 0.02 
Table 2 
 
 
Layup Peak Load (kN) 
Compliance      
(mm kN
-1
) 
In-situ Lamina 
Thickness (mm) 
Measured 
Laminate 
Thickness (mm) 
HTS     -54.45 ± 3.16   0.017 ± 0.001 0.246 ± 0.011 3.96 ± 0.03 
HTS_IMS_A -53.06 ± 1.78 0.016 ± 0.001 0.248 ± 0.005 4.01 ± 0.05 
HTS_IMS_O -52.25 ± 2.18 0.014 ± 0.001 0.248 ± 0.008 3.99 ± 0.03 
IMS -48.83 ± 0.88 0.013 ± 0.001 0.249 ± 0.012 4.02 ± 0.02 
Table 3 
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Figure Captions 
 
Figure 1 Compact compression specimen geometry (left), Plain compression specimen configuration (right) – 
all dimensions in mm [28,29]. Dashed lines indicate the areas used for Digital Image Correlation with respect to 
the CC and PC specimens respectively. 
Figure 2 Compact Compression results of typical monolithic and hybrid (0/90/45/-45)2S configurations. 
Figure 3 Compact Compression results of HTS (0/90/45/-45)2S specimens. 
Figure 4 Compact Compression results of HTS_IMS_A (0/90/45/-45)2S specimens. 
Figure 5 Plain Compression results of typical monolithic and hybrid (0/90/45/-45)2S configurations. 
Figure 6 Representative DIC strain distribution ( ) in Compact Compression (a) HTS (0/90/45/-45)2S; (b) 
HTS_IMS_A (0/90/45/-45)2S; (c) HTS_IMS_O (0/90/45/-45)2S and (d) IMS (0/90/45/-45)2S compact compression 
configurations, just prior to the crack initiation (at -5.01kN, -5.29kN, -5.78kN and -5.59kN respectively). The 
black coloured areas represent the notch. 
Figure 7 Typical DIC strain distribution ( ) in Plain Compression (a) HTS (0/90/45/-45)2S; (b) HTS_IMS_A 
(0/90/45/-45)2S, (c) HTS_IMS_O (0/90/45/-45)2S; (d) IMS (0/90/45/-45)2S plain compression configurations, just 
prior to the failure initiation (at -53.67 kN, -51.08 kN, -52.16 kN and -48.52 kN respectively). The black 
coloured areas represent the notch. 
Figure 8 Typical X-Ray radiographs of (a) HTS (0/90/45/-45)2S;(b) HTS_IMS_A (0/90/45/-45)2S; (c) 
HTS_IMS_O (0/90/45/-45)2S and (d) IMS (0/90/45/-45)2S compact compression configurations. Red elbow lines 
indicate the step-like morphology. 
Figure 9 Typical X-Ray radiographs of (a) HTS (0/90/45/-45)2S, (b) HTS_IMS_A (0/90/45/-45)2S, (c) 
HTS_IMS_O (0/90/45/-45)2S and (d) IMS (0/90/45/-45)2S plain compression configurations. Red elbow lines 
indicate the step-like morphology. 
Figure 10 Damage pattern from the CC specimen; (a) Observation locations; (b) schematic showing the 
sequence of the failure events; (c) optical microscopy pictures (×10) illustrating the fracture propagation at the 
notch (d) and 15.5 mm away from the notch in a typical HTS (0/90/45/-45)2S hybrid configuration. Ply numbers 
are shown. 
Figure 11 Damage pattern from the CC specimen; (a) Observation locations; (b) schematic showing the 
sequence of the failure events; (c) optical microscopy pictures (×10) illustrating the fracture propagation at the 
notch (d) and 15.5 mm away from the notch in a typical IMS (0/90/45/-45)2S hybrid configuration. Ply numbers 
are shown. 
Figure 12 Damage pattern from the CC specimen; (a) Observation locations; (b) schematic showing the 
sequence of the failure events; (c) optical microscopy pictures (×10) illustrating the fracture propagation at the 
notch (d) and 15.5 mm away from the notch in a typical HTS_IMS_A (0/90/45/-45)2S hybrid configuration. Ply 
numbers are shown. 
Figure 13 Damage pattern from the CC specimen; (a) Observation locations; (b) schematic showing the 
sequence of the failure events; (c) optical microscopy pictures (×10) illustrating the fracture propagation at the 
notch (d) and 15.5 mm away from the notch in a typical HTS_IMS_O (0/90/45/-45)2S hybrid configuration. Ply 
numbers are shown. 
Figure 14 Damage pattern from the PC specimen; (a) Observation locations; (b) schematic showing the 
sequence of the failure events; (c) optical microscopy pictures (×10) illustrating the fracture propagation at the 
notch (d) and 15.5 mm away from the notch, in an typical HTS (0/90/45/-45)2S hybrid configuration. Ply 
numbers are shown. 
Figure 15 Damage pattern from the PC specimen; (a) Observation locations; (b) schematic showing the 
sequence of the failure events; (c) optical microscopy pictures (×10) illustrating the fracture propagation at the 
y
y
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notch and (d) 15.5 mm away from the notch, in a typical IMS (0/90/45/-45)2S hybrid configuration. Ply numbers 
are shown. 
Figure 16 Damage pattern from the PC specimen; (a) Observation locations; (b) schematic showing the 
sequence of the failure events; (c) optical microscopy pictures (×10) illustrating the fracture propagation at the 
notch and (d) 15.5 mm away from the notch, in a typical HTS_IMS_A (0/90/45/-45)2S hybrid configuration. Ply 
numbers are shown. 
Figure 17 Damage pattern from the PC specimen; (a) Observation locations; (b) schematic showing the 
sequence of the failure events; (c) optical microscopy pictures (×10) illustrating the fracture propagation at the 
notch and (d) 15.5 mm away from the notch, in a typical HTS_IMS_O (0/90/45/-45)2S hybrid configuration. Ply 
numbers are shown. 
Figure 18 Typical micrographs of (a) HTS (0/90/45/-45)2S; (b) HTS_IMS_A (0/90/45/-45)2S; (c) HTS_IMS_O 
(0/90/45/-45)2S, and (d) IMS (0/90/45/-45)2S Compact Compression configurations at the notch (×32). Red 
dotted lines indicate off-axis ply splits. 
Figure 19 Typical Micrographs of (a) HTS (0/90/45/-45)2S, (b) HTS_IMS_A (0/90/45/-45)2S; (c) HTS_IMS_O 
(0/90/45/-45)2S; (d) IMS (0/90/45/-45)2S Compact Compression configurations 15.5mm away from the notch 
(×50). 
Figure 20 Typical micrographs of (a) HTS (0/90/45/-45)2S; (b) HTS_IMS_A (0/90/45/-45)2S; (c) HTS_IMS_O  
(0/90/45/-45)2S; (d) IMS (0/90/45/-45)2S Plain Compression configurations at the notch (×32). 
Figure 21 Typical micrographs of (a) HTS (0/90/45/-45)2S; (b) HTS_IMS_A (0/90/45/-45)2S; (c) HTS_IMS_O  
(0/90/45/-45)2S; (d) IMS (0/90/45/-45)2S Plain Compression configurations 15.5.mm away from the notch (×50). 
Figure 22 Suggested sequence of events during compressive failure of multidirectional fibre-reinforced 
composite laminates. 
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Table Captions 
 
Table 1 Lamina Mechanical Properties of HTS/MTM44-1 and IMS/MTM44-1 [17].  
Table 2 Compact Compression results with standard deviations for monolithic and hybrid configurations [15].  
Table 3 Plain Compression results with standard deviations for monolithic and hybrid configurations [15]. 
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